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ABSTRACT 
Ecological speciation is a process involving adaptation to different environments leading to 
reproductive isolation between populations. Hybridization between Clapper and King rails 
(Rallus longirostris and R. elegans) is frequent but restricted to narrow bands of brackish marsh 
along the Gulf of Mexico and Atlantic coastlines of North America. In the second chapter I used 
mitochondrial and nuclear sequences to infer phylogenetic relationships in this species complex. 
The complex falls out into three distinct groups: South America; western North America; and 
eastern North America and the Caribbean. My results indicate that R. elegans as currently 
recognized is paraphyletic, with birds of highland Mexico sister to R. longirostris of California 
whereas R. elegans of eastern North America and Cuba forms a clade with eastern North 
American and Caribbean R. longirostris. My results support splitting the complex into four 
distinct species. In the third chapter I used morphological data, ecological data, and DNA 
sequences generated via next-generation methods to investigate the hybrid zone situated along a 
salinity gradient. Maximum-likelihood clines fitted to the five loci, body weight, salt gland 
weight, and water salinity revealed that the hybrid zone is narrow (mean genetic cline width = 
~8.3 km), and that all clines are coincident and concordant with the water salinity cline. In the 
fourth chapter, I measured morphological characters on males collected across the hybrid zone to 
determine differences on opposite ends of the zone and to examine if these differences covaried 
and were correlated with genotypes from four nuclear markers; I also estimated dispersal 
distances using these characters. For four hybrid sites I found six of twelve correlations were 
significant, and ten of twelve estimates of covariance were greater than the expected covariance, 
suggesting selection against recombinants for the quantitative characters salt gland weight, bill 
length, and overall size. The estimates of dispersal distances for genetic and morphological 
characters were more than an order of magnitude lower than the only published estimate from a 
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banding study. These results suggest that while rails are capable of dispersing across the zone, 
the hybrid zone constrains dispersal within it.
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CHAPTER 1 
INTRODUCTION 
Speciation in vertebrates is thought to occur via allopatry, where geographically isolated 
populations diverge genetically and phenotypically to the point of reproductive isolation (Mayr 
1942). Ecological speciation occurs when this process is accelerated by adaptations to different 
environmental conditions (Nosil et al. 2009). Compelling examples of ecological speciation in 
non-model organisms are few, primarily because evolutionary mechanisms in allopatric 
populations are inherently difficult to test (Hendry et al. 2007; Nosil et al. 2009) and because the 
relevant selective agent acting on natural populations is often difficult to pinpoint. Recently 
diverged populations distributed along an environmental gradient provide excellent systems in 
which to investigate the processes associated with adaptive divergence in the context of 
ecological speciation. Salinity gradients are known to induce adaptive divergence in aquatic 
organisms (Whitehead and Crawford 2006; Hemmer-Hansen et al. 2007; Fuller 2008), but the 
extent to which physiological, ecological, or genetic adaptation of terrestrial vertebrates 
distributed along salinity gradients is involved in speciation has not been investigated. I set out to 
investigate adaptation in a pair of apparently hybridizing marsh birds found in the eastern United 
States (Figure 1.1).  
 To first understand the evolutionary relationship between Clapper and King rails, I 
reconstructed the phylogeny of the complex (Chapter 2). The genus Rallus comprises nine or ten 
species (Taylor 1996), depending on whether R. aquaticus of Eurasia is divided into two species 
(Tavares et al. 2010). Six of the nine species occur in the New World, with the other three 
occurring in Africa, Madagascar, and Eurasia. Species and subspecies delimitation in the Clapper 
Rail (R. longirostris) and King Rail (R. elegans) complex is difficult due to their weak 
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phenotypic differentiation. The two species differ primarily in size and subtle plumage color 
variation from a palette of reds, browns, and grays. There is also considerable morphological 
variation between and within populations. Clapper Rails include three distinct subspecies groups: 
a conglomeration of six subspecies in the nominate longirostris (Boddaert 1783) group of the 
Pacific and Atlantic coasts of South America, eleven subspecies in the crepitans (Gmelin 1789) 
group of eastern North America, the Caribbean, and the Yucatan Peninsula, and four subspecies 
in the obsoletus (Ridgway 1874) group of western North America and the Gulf of California 
(Olson 1997). King Rails currently comprise three subspecies: nominate elegans (Audubon 
1834) of eastern North America, ramsdeni (Riley 1913) of Cuba, and tenuirostris (Ridgway 
1874) of the highlands of central Mexico.  
Species limits in the group are of conservation interest because both species are hunted 
legally in the southeastern United States despite the endangered status of some migratory 
populations of King Rails that spend the nonbreeding season in the region. Additionally, the 
taxonomic status of the R. l. obsoletus group of the western United States and western Mexico is 
of particular interest because these populations are highly endangered (Eddleman and Conway 
1998). I used DNA sequence data from the mitochondrion and four nuclear loci to infer a 
phylogeny of Clapper and King rail subspecies. I developed the nuclear loci using a novel 
reduced-representation technique with next-generation sequencing (next-gen) to attempt to 
develop phylogenetically informative markers. For some populations lacking tissues I sampled 
historic specimens and sequenced mitochondrial DNA (mtDNA). I sought to understand the 
relationships within the complex to further our understanding of lineage diversification within 
the complex. Once I determined that Clapper and King rails of eastern North America were sister 
taxa, I set out to understand hybridization in Louisiana (Chapter 3). 
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Hybrid zones provide natural systems to investigate processes of speciation and the 
mechanisms preventing fusion of lineages (Endler 1977; Hewitt 1988; Coyne and Orr 2004). 
Genetic and morphological investigations of hybrid zones have revealed that these mechanisms 
can include sexual selection (Brumfield et al. 2001; Jiggins et al. 2001; Saetre et al. 2003; 
Payseur et al. 2004; Carling and Brumfield 2009), neutral processes (Szymura and Barton 1986; 
Szymura and Barton 1991), or adaptive divergence to different environmental conditions. I 
examined the hybrid zone between Clapper and King rails to provide the first genetic and 
morphological characterization of the hybrid zone, and to assess the role of the salinity gradient 
in the reproductive isolation of the two species. Whereas Clapper Rails breed at high densities in 
coastal saltmarshes dominated by Spartina alterniflora, King Rails have a patchier distribution 
that reflects the more localized distribution of inland freshwater marshes (Meanley 1992; 
Eddleman and Conway 1998). Where these two habitats come into contact Clapper and King 
rails hybridize (Figure 1.1; Meanley and Wetherbee 1962; Bledsoe 1988; Meanley 1989; Olson 
1997; Eddleman and Conway 1998).  
Previous studies of King and Clapper rails have demonstrated physical and physiological 
differences associated with osmoregulation (Conway et al. 1988). Both species have nasal salt 
glands on the dorsum of the skull, but these are significantly larger in Clapper Rails (Olson 
1997). The salt gland is a relatively simple organ composed of mitochondria-rich cells that, by 
creating a concentration gradient similar to the cells found in fish gills (Peaker 1971), is capable 
of filtering the blood and concentrating ions into a solution exceeding 20 times the osmolality of 
blood plasma (Hughes 2003). Salt glands are needed in rails to maintain osmoregulatory 
equilibrium, because their kidneys are incapable of concentrating inorganic ions  
	   












Figure 1.1 The top map shows sampling in south Louisiana along the salinity gradient. Black is 
ocean water at high salinity and white represents freshwater. Circles show approximate sampling 
localities. The site codes correspond to Table 3.1: A. GI, B. ML, C. R2, D. CC, E. R1, F. SB, G. 
R3, H. SN, I. SS, J. LA, and K. CP. The bottom is a schematic of birds distributed along a 
salinity gradient. Black arrows represent osmoregulatory pressure for water movement and ion 
movement. All salinity values on birds are approximate estimates of blood osmolality calculated 
from Conway et al. (1988). 
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more than three times the concentration found in their blood (Braun 1999). Larger salt glands 
(relative to body size) are capable of excreting more salt from the blood and at higher 
concentrations (Peaker 1971). Conway et al. (1988) gave both species high salt loads and found 
that Clapper Rails were capable of excreting salt more quickly and at higher concentrations. By 
studying the genetic and morphological change across this ecological gradient, I am attempting 
to understand if osmoregulatory differences could be responsible for ecological speciation 
between these two lineages (Figure 1.1). I also studied the morphological differences between 
the two species in the context of the hybrid zone. 
 In Chapter 4, I use the hybrid zone structure, linkage disequilibria among loci, and 
covariance between genes and quantitative traits to make inferences about the strength of 
selection acting on morphological characters. I also estimated root-mean-square dispersal 
distance using estimated cline widths, within-site linkage disequilibria between genetic markers, 
and covariance between the morphological characters. Using the mean dispersal distance I 
estimated the time since contact between the two lineages, and these estimates are then 
contrasted to those derived from banding data. Although the number of samples that can 
reasonably be collected from bird populations limits the strength of inference in some cases, 
these estimates provide useful insight on the magnitude of important evolutionary parameters, 
given the paucity of such information that is available for birds (Barrowclough 1978; Moore and 
Buchanan 1985; Moore and Dolbeer 1989). 
 In sum, I studied three components of the Clapper and King rail system. First I 
investigated the phylogeny of the entire genus of Rallus rails, with the goal of assessing the 
evolutionary relationships, taxonomy, and conservation status of North American populations. 
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Second, I conducted the first genetic, morphological, and ecological characterization of the 
hybrid zone, with a primary goal of assessing the role of a salinity gradient in the reproductive 
isolation of Clapper and King rails. Finally I inferred selection on hybrids in the center of the 
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CHAPTER 2 
MITOCHONDRIAL AND NEXT-GENERATION SEQUENCE DATA USED TO 
INFER PHYLOGENETIC RELATIONSHIPS AND SPECIES LIMITS IN THE 
CLAPPER/KING RAIL (RALLUS LONGIROSTRIS & ELEGANS) COMPLEX 
 
INTRODUCTION 
The family Rallidae is a distinct, species-rich group of birds, many of which are exceptional at 
long-distance colonization. The genus Rallus comprises nine or ten species (Taylor 1996; 
Dickinson 2003) depending on whether R. aquaticus of Eurasia is divided into two species 
(Tavares et al. 2010). Six of the nine species occur in the New World, with the other three 
occurring in Africa, Madagascar, and Eurasia. Species and subspecies delimitation in the R. 
longirostris/R. elegans complex is difficult due to their weak phenotypic differentiation. The two 
species differ primarily in size and subtle plumage color variation from a palette of reds, browns, 
and grays. Also, morphological variation is considerable between and within populations. 
Hybridization and introgression may play a role in the variation found in eastern North America. 
Additionally, occupancy of different habitats and the presence of many phenotypically distinct 
allopatric populations have confounded defining species limits in the group (Olson 1997). 
Rallus longirostris includes three distinct subspecies groups (Olson 1997): (1) a conglomeration 
of six subspecies in the nominate longirostris group of the Pacific and Atlantic coasts of South 
America, (2) eleven subspecies in the crepitans group of eastern North America, the Caribbean, 
and the Yucatan Peninsula, and (3) four subspecies in the obsoletus group of western North 
America and the Gulf of California . Rallus elegans currently comprises three subspecies (Figure 
2.1): nominate elegans of eastern North America, ramsdeni of Cuba, and tenuirostris of the 
highlands of central Mexico (Dickinson 2003). 
 






Figure 2.1 A map showing the distribution of sampling sites and approximate geographic 
distribution of Rallus elegans (gray) and R. longirostris (black), with points denoting subspecies 
(Taylor 1996). The gray and black distribution underlying the samples was downloaded from 
InfoNatura (Ridgely et al. 2005). White-filled circles represent random points along the 
distribution of subspecies that I were unable to sample, while black-filled circles represent 
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Typical R. longirostris breed in saltmarsh and mangrove habitats. Their breast plumage 
ranges from dull silvery to dull rufous, and they are generally smaller than R. elegans. Some R. 
longirostris occur in freshwater habitats seasonally, and some R. elegans occur in saltwater 
habitats seasonally. For example, the subspecies R. l. yumanensis breeds in freshwater marshes 
along the Colorado River (Figure 2.1), but inhabits saltmarshes of the Gulf of California during 
nonbreeding seasons (Tomlinson and Todd 1973; Banks and Tomlinson 1974). In contrast, R. 
elegans breeds in freshwater marshes, is brighter rufescent on the breast, and is larger than R. 
longirostris (Olson 1997). Rallus elegans can be found in saltmarshes during migration and 
boreal winter, but apparently do not breed in saltmarshes (Meanley 1992). 
Species limits in the group are of conservation interest because both species are hunted 
legally in the southeastern United States despite the endangered status of some migratory 
populations of R. elegans that spend the nonbreeding season in the region. Additionally, the 
taxonomic status of the R. l. obsoletus group of the western United States and western Mexico is 
of particular interest because these populations are highly endangered (Eddleman and Conway 
1998). The taxonomic affinity of this subspecies group has long been questioned because it is 
bright rufous ventrally like R. elegans, but primarily inhabit saltwater marshes like R. 
longirostris (Olson 1997). Genetic relationships of R. elegans breeding in the eastern United 
States are of interest because migratory populations in the northern portion of their range are 
considered endangered due to habitat loss (Perkins et al. 2009). These birds also experience light 
hunting pressure during the nonbreeding season in southeastern North America, but no genetic 
studies have been conducted to determine if migratory and nonmigratory populations are distinct, 
or where migratory populations spend the nonbreeding season. A review of the literature on the 
complex resulted in the lumping of both species into R. longirostris (Ripley 1977), primarily 
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based on reports of extensive hybridization between the two rails in brackish marshes of the 
eastern U. S. (Meanley and Wetherbee 1962). Here I use DNA sequence data from the 
mitochondrion and four nuclear loci to infer a phylogeny of R. longirostris and R. elegans 
subspecies. I developed the nuclear loci using a novel reduced-representation library and next-
generation sequencing to attempt to develop phylogenetically informative markers. For some 





Through collecting and loans from other institutions I were able to include samples from 
throughout the distribution of the species complex (Table 2.1). I were unable to include samples 
from three of the six species of Rallus in the Americas (R. antarcticus, wetmorei, and 
semiplumbeus), due to unavailability of any recent specimens or tissues and because they are 
highly restricted or critically endangered. In total, I sampled 14 of the 21 recognized subspecies 
of R. longirostris and the three subspecies of R. elegans (Figure 2.1, Table 2.1). For populations 
lacking fresh tissue samples I scraped toe-pads from older specimens housed at the Louisiana 
State University Museum of Natural Science (LSUMNS). These 16 samples ranged in collection 
date from 1937 to 1967 (Table 2.1). Each sample was cut using a new, sterile scalpel blade and 
sterilized scissors and forceps. I included two samples of R. limicola as an outgroup. All future 
references to the abbreviation R. l. in this chapter indicate Rallus longirostris, not Rallus 
limicola.  
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Table 2.1 Samples of Rallus used in this study. Groups refer to those pictured in Fig. 1. Voucher numbers are provided when 
available. Abbreviated IDs correspond to the tips on Fig. 2. 
Species Subspecies Group 
Voucher 
Numbera Locality Date ID Type Museumb 
longirostris obsoletus obsoletus UWBM 87934 
CALIFORNIA: Marin Co.; 
Santa Venetia Marsh Open 
Space Preserve 
7-Feb-2007 CALO6 Toe Pad BMUW 
longirostris levipes obsoletus SDNHM 50948 
CALIFORNIA: San Diego 
Co.; San Diego, Mission 
Valley 
29-Sep-2004 CALO2 Tissue SDNHM 
longirostris levipes obsoletus SDNHM 50958 CALIFORNIA: San Diego Co.; Carlsbad 10-Jul-2004 CALO3 Tissue SDNHM 
longirostris levipes obsoletus SDNHM 51596 CALIFORNIA: San Diego Co.; San Elijo Lagoon 14-Nov-2006 CALO4 Tissue SDNHM 
longirostris levipes obsoletus SDNHM 51955 CALIFORNIA: San Diego Co.; San Elijo Lagoon 10-Mar-2008 CALO5 Tissue SDNHM 
longirostris beldingi obsoletus UWBM 82691 
MEXICO: Baja California 
Sur; Municipio La Paz, La 
Paz 
2-Sep-2006 MXLO2 Tissue BMUW 
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table continued        
longirostris rhizophorae obsoletus 71222 MEXICO: Sonora; Agiabampo 16-May-1937 MXLO1 Toe Pad LSUMZ 
longirostris yumanensis obsoletus LACM 107400 CALIFORNIA: Imperial Co. 19-Apr-1993 CALO1 Tissue LACM 
longirostris crepitans crepitans ANSP 22095 NEW JERSEY: Cape May Co.; Dennis Township 9-Sep-1999 NJLO1 Tissue ANSP 
longirostris crepitans crepitans ANSP 22479 NEW JERSEY: Ocean Co.; Tuckerton Marsh 7-Oct-2000 NJLO2 Tissue ANSP 
longirostris crepitans crepitans ANSP 25897 NEW JERSEY: Cape May Co.; Nummy Island 26-May-2002 NJLO3 Tissue ANSP 
longirostris crepitans crepitans ANSP 25898 NEW JERSEY: Cape May Co.; Nummy Island 26-May-2002 NJLO4 Tissue ANSP 
longirostris crepitans crepitans MBM 6009 NORTH CAROLINA: Carteret Co.; Atlantic Beach 2-Nov-1998 NCLO1 Tissue MBM 
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table continued        
longirostris crepitans crepitans MBM 6010 NORTH CAROLINA: Carteret Co.; Atlantic Beach 7-Sep-1998 NCLO2 Tissue MBM 
longirostris waynei crepitans KU 94320 GEORGIA: Glynn Co.; Brunswick, Blythe Island 12-Dec-2000 GALO1 Tissue KU 
longirostris waynei crepitans KU 94322 GEORGIA: Glynn Co.; Brunswick, Blythe Island 12-Dec-2000 GALO2 Tissue KU 
longirostris waynei crepitans KU 94324 GEORGIA: Glynn Co.; Brunswick, Blythe Island 12-Dec-2000 GALO3 Tissue KU 
longirostris waynei crepitans KU 94323 GEORGIA: Glynn Co.; Brunswick, Blythe Island 12-Dec-2000 GALO4 Tissue KU 
longirostris waynei crepitans KU 94321 GEORGIA: Glynn Co.; Brunswick, Blythe Island 12-Dec-2000 GALO5 Tissue KU 
longirostris scottii crepitans KU 112081 FLORIDA: Lee Co.; Sanibel 9-Mar-2007 FLLO2 Tissue KU 
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table continued        
longirostris insularum crepitans FMNH 385736 FLORIDA; Monroe Co.; Upper Keys 20-Nov-1994 FLLO1 Tissue FMNH 
longirostris saturatus crepitans 63400 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
9-Apr-2009 LALO1 Tissue LSUMZ 
longirostris saturatus crepitans 63401 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
9-Apr-2009 LALO2 Tissue LSUMZ 
longirostris saturatus crepitans 63402 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
3-Jun-2009 LALO3 Tissue LSUMZ 
longirostris saturatus crepitans 63403 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
3-Jun-2009 LALO4 Tissue LSUMZ 
longirostris saturatus crepitans 63404 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
4-Jun-2009 LALO5 Tissue LSUMZ 
longirostris saturatus crepitans 63405 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
4-Jun-2009 LALO6 Tissue LSUMZ 
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table continued        
longirostris saturatus crepitans 63406 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
4-Jun-2009 LALO7 Tissue LSUMZ 
longirostris saturatus crepitans 63407 
LOUISIANA: Jefferson Par.; 
Grand Isle, ca 1 mi. W Grand 
Isle 
4-Jun-2009 LALO8 Tissue LSUMZ 
longirostris saturatus crepitans 63474 LOUISIANA: Lafourche Par.; 5.5 mi. E Port Fourchon 25-Jun-2009 LALO9 Tissue LSUMZ 
longirostris saturatus crepitans 63475 LOUISIANA: Lafourche Par.; 5.5 mi. E Port Fourchon 25-Jun-2009 LALO10 Tissue LSUMZ 
longirostris caribaeus caribaeus 71223 PUERTO RICO: Mayagüez; Guanajibo, Caño Corazones 18-Dec-1942 CBLO1 Toe Pad LSUMZ 
longirostris caribaeus caribaeus 71224 CUBA: Las Villas; Cayo Baíia de Cádiz 27-Jun-1958 CULO1 Toe Pad LSUMZ 
longirostris caribaeus caribaeus 71225 CUBA: Las Villas; Laguna de San Mateo 8-Jul-1960 CULO2 Toe Pad LSUMZ 
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table continued        
longirostris caribaeus caribaeus 71226 CUBA: Las Villas; Laguna de San Mateo 8-Jul-1960 CULO3 Toe Pad LSUMZ 
longirostris coryi caribaeus 71227 BAHAMAS: San Salvador; lake 1 mi. E Cockburn Town 29-Dec-1963 CBLO2 Toe Pad LSUMZ 
longirostris leucophaeus caribaeus 71228 CUBA: Isle of Pines; Siguanea Bay 9-Jul-1958 CULO4 Toe Pad LSUMZ 
longirostris caribaeus caribaeus 71230 
BRITISH VIRGIN 
ISLANDS: Beef Island; 
western end 
12-Aug-1964 CBLO3 Toe Pad LSUMZ 
longirostris caribaeus caribaeus 71231 ANTIGUA: St. John Par.; The Flashes 24-Mar-1962 CBLO4 Toe Pad LSUMZ 
longirostris caribaeus caribaeus KU 95142 DOMINICAN REPUBLIC: Monte Cristi National Park 28-Mar-2003 CBLO5 Tissue KU 
longirostris cypereti longirostris 66005 PERU: Depto. Tumbes; ca 29 km NE Tumbes 1-Jun-2009 PELO1 Tissue LSUMZ 
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table continued        
longirostris cypereti longirostris 66008 PERU: Depto. Tumbes; ca 29 km NE Tumbes 1-Jun-2009 PELO2 Tissue LSUMZ 
longirostris cypereti longirostris 67817 
PERU: Depto. Tumbes; ca 2 
km S Santuario Nacional los 
Manglares de Tumbes 
26-Jul-2009 PELO3 Tissue LSUMZ 
longirostris cypereti longirostris 67818 
PERU: Depto. Tumbes; ca 2 
km S Santuario Nacional los 
Manglares de Tumbes 
26-Jul-2009 PELO4 Tissue LSUMZ 
longirostris cypereti longirostris 67819 
PERU: Depto. Tumbes; ca 2 
km S Santuario Nacional los 
Manglares de Tumbes 
26-Jul-2009 PELO5 Tissue LSUMZ 
longirostris cypereti longirostris 67820 
PERU: Depto. Tumbes; ca 2 
km S Santuario Nacional los 
Manglares de Tumbes 
26-Jul-2009 PELO6 Tissue LSUMZ 
longirostris phelpsi longirostris UMMZ 620 
VENEZUELA: Zulia; Ancon 
de Iturre, ca. 1 km NE of 
town 
11-Feb-1989 VZLO1 Tissue UMMZ 
elegans elegans elegans 49394 FLORIDA: Lee Co.; Fort Meyers 9-Jul-2002 FLEL1 Tissue LSUMZ 
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table continued        
elegans elegans elegans 63464 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL1 Tissue LSUMZ 
elegans elegans elegans 63465 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL2 Tissue LSUMZ 
elegans elegans elegans 63466 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL3 Tissue LSUMZ 
elegans elegans elegans 63467 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL4 Tissue LSUMZ 
elegans elegans elegans 63468 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL5 Tissue LSUMZ 
elegans elegans elegans 63469 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
23-Jun-2009 LAEL6 Tissue LSUMZ 
elegans elegans elegans 63470 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
24-Jun-2009 LAEL7 Tissue LSUMZ 
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table continued        
elegans elegans elegans 63471 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
24-Jun-2009 LAEL8 Tissue LSUMZ 
elegans elegans elegans 63472 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
24-Jun-2009 LAEL9 Tissue LSUMZ 
elegans elegans elegans 63473 
LOUISIANA: St. Landry 
Par.; 4 mi. NNW Church 
Point, Dusty Rd. 
24-Jun-2009 LAEL10 Tissue LSUMZ 
elegans ramsdeni elegans 71232 CUBA: Las Villas; El Jibaro, Sancti Spiritus 14-May-1967 CUEL1 Toe Pad LSUMZ 
elegans tenuirostris elegans 71233 MEXICO; San Luis Potosi; Media Luna  28-Jun-1952 MXEL1 Toe Pad LSUMZ 
elegans tenuirostris elegans 71234 
MEXICO; San Luis Potosi; 
Villa de Reyes Reg, Laguna 
de las Rusias, 6000'  
6-Aug-1947 MXEL2 Toe Pad LSUMZ 
elegans tenuirostris elegans 71235 MEXICO: Michoacán, near Cumuato 21-Nov-1959 MXEL3 Toe Pad LSUMZ 
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table continued        
elegans tenuirostris elegans 71236 MEXICO: Michoacán, near Cumuato 10-Nov-1959 MXEL4 Toe Pad LSUMZ 
elegans tenuirostris elegans 71237 MEXICO: Michoacán, near Cumuato 21-Nov-1959 MXEL5 Toe Pad LSUMZ 
elegans elegans elegans 71305 OHIO: Ottawa Co.; Ottawa National Wildlife Refuge 3-May-2010 OHEL1 Feather LSUMZ 
elegans elegans elegans 71308 
OKLAHOMA: McCurtain 
Co.; Red Slough Wildlife 
Management Area 
11-Apr-2010 OKEL1 Feather AR 
elegans elegans elegans 71309 
OKLAHOMA: McCurtain 
Co.; Red Slough Wildlife 
Management Area 
23-Mar-2010 OKEL2 Feather AR 
elegans elegans elegans FMNH 461050 ILLINOIS: Cook Co.; Evanston 5-Jun-2008 ILEL1 Tissue FMNH 
limicola limicola NA 25122 
LOUISIANA: Lafayette Par.; 
Potter's Road, 1.5 mi. W 
Hwy. 719 
2-Jan-1995 limicola Tissue LSUMZ 
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table continued        
limicola limicola NA 46858 LOUISIANA: Iberia Par.; 7.8 km S Lydia, Hwy. 83 26-Oct-2005 limicola Tissue LSUMZ 
a Voucher number if one is available. 
b LSUMZ = Louisiana Museum of Natural Science; FMNH = The Field Museum of Natural History; AR = University of Arkansas; BMUW = The Burke 
Museum of Natural History and Culture; KU = University of Kansas Natural History Museum; ANSP = Academy of Natural Sciences of Philadelphia; MBM 
= Marjorie Barrick Museum of Natural History; SDNHM = San Diego Natural History Museum; UMMZ = University of Michigan Museum of Zoology; 
LACM = Natural History Museum of Los Angeles County  
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We extracted total DNA from fresh tissue samples using a DNEasy Tissue Kit (Qiagen) 
following manufacturer protocols. DNA concentration was quantified using a NanoDrop 
spectrophotometer. Because of low yield, extractions from feather samples were concentrated 
using a heated Speedvac (Savant). For the toe pad samples, I lysed a portion of each sample for 
three weeks in an ancient DNA facility in the Taylor lab at LSU. These samples were extracted 
with two positive and two negative controls. Following lysis, extraction of ancient DNA using a 
DNEasy Tissue Kit (Qiagen) was carried out using instructions provided by the manufacturer. 
These extractions were then concentrated using a heated Speedvac in the ancient DNA facility. 
 
Mitochondrial Sequences 
We sequenced eight samples of Louisiana birds (four of each species) for the mtDNA protein-
coding NADH subunit 2 (ND2) using PCR amplicons from the primers L5215 (Hackett 1996) 
and H6313 (Johnson and Sorenson 1998). From these sequences I used the online resource 
Primer3 (Rozen and Skaletsky 2000) to design primers for a 787 base pair (bp) portion of the 
ND2 gene (RallusND2F & RallusND2R, Table 2.2). For the toe pad samples I used Primer3 to 
design 15 internal primers that allowed us to sequence eight small, overlapping portions (87 – 
108 bp) of ND2 totaling 681 bp when concatenated. 
All PCR amplifications were 10 µL in volume and contained ~50 ng of DNA, 1X 
Standard Taq Buffer, 0.13 mM MgCl2, 0.5 µM of each primer, 0.1 mM dNTPs, 0.1 mg/mL BSA, 
0.25 U Taq DNA Polymerase (New England Biolabs), and 4.95 µL water. All PCRs were 
performed using the following cycle parameters: 2 min at 94°C, followed by 35 cycles of 94°C 
for 30s, 51°C for 30s (for ND2) or 60°C (for nuDNA), and 72°C for 1 min, followed by 72°C for 
10 min. After confirming amplification by running PCR products on 1% agarose gels, they were 
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Table 2.2 Primers used to amplify mitochondrial and nuclear loci in Rallus, and in 
the AFLP method to reduce the genome. All primers were designed using Primer3 
(Rozen and Skaletsky 2000), except AFLP primers (Vos et al. 1995). 
Primer Name Locus Sequence (5' to 3') 
RallusND2F ND2 - external CCCACATGCAAGCCTAATCT 
RallusND2IF2 ND2 - internal CCTTATCTCAAAATCCCACCA 
RallusND2IF3 ND2 - internal TCCACACTCCTACTATTTTCCAG 
RallusND2IF4 ND2 - internal CCAACAGCCTCCATCCTACT 
RallusND2IF5 ND2 - internal CAGAAGTACTACAGGGCACATCC 
RallusND2IF6 ND2 - internal CCCATTCACTTAACCCAACC 
RallusND2IF7 ND2 - internal CCAGACTCAACTCCGAAAAA 
RallusND2IF8 ND2 - internal GCCTTTTACCTCTACTGCTTAACAA 
RallusND2IR1 ND2 - internal ATTTGATTGCTGCTTCGGTAG 
RallusND2IR2 ND2 - internal CCCATTGTCCTGTGTGTCAG 
RallusND2IR3 ND2 - internal GGGAATCAAAAGTGGAATGG 
RallusND2IR4 ND2 - internal TGGAGGGAGTTTTATTATTGTGG 
RallusND2IR5 ND2 - internal TGCTGAAAGGATGGCTAGTG 
RallusND2IR6 ND2 - internal TCCCAGGTGAGAAATAGACGA 
RallusND2IR7 ND2 - internal TGTTGATGGTGAGGAAAATGG 
RallusND2IR8 ND2 - internal CCTGCAAGGGATAGCAGTGT 
RallusND2R ND2 - external GGTTGGGTGGAAGTGTGATT 
F139 139 - external CTGGGAGTGAGGGCAGAG 
R139 139 - external CCTTGCAAGTTGATGGATGA 
F472 472 - external GGTATGCAGCTCACCACAGA 
R472 472 - external GCAAGAAAGAGGCTGTGTCC 
F1166 1166 - external CCTGTGCTCCTGCTGATGTA 
R1166 1166 - external CAACCAGATGTTGCAGGAGA 
F1766 1766 - external GCAGCAAACTAGGAGCAGTACA 
R1766 1766 - external CTTCAGCCTCCCATCAAGG 
EcoRI-F 
adaptor N/A CTCGTAGACTGCGTACC 
EcoRI-R 
adaptor N/A AATTGGTACGCAGTCTAC 
MseI-F 
adaptor N/A GACGATGAGTCCTGAG 
MseI-R 
adaptor N/A TACTCAGGACTCAT 
EcoRI primer N/A GACTGCGTACCAATTC 









a X denotes different barcode sequence per individual. 
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cleaned with 10 µL EXOSAP reactions containing 5 µL of PCR product, 4.25 µL water, 1.25 U 
Antarctic Phosphatase, 5 U ExoI, and 1X Antarctic Phosphatase Buffer. Ancient DNA 
amplifications were performed with the above protocol except that BSA was substituted with 0.1 
mg/mL RSA (Rabbit Serum Albumin) and Taq was substituted with 0.25 U HotStarTaq 
(Qiagen). I then conducted cycle-sequencing reactions using Big Dye Terminator Cycle-
Sequencing Kit v3.1 (Applied Biosystems Inc., Foster City, CA). All cycle-sequencing reactions 
included 1 µL of cleaned PCR product, 0.93 X Sequencing Buffer, 0.3 µL of 1X Big Dye 3.1, 2 
X 10-5 µmoles of forward or reverse primer, and combined with distilled water to make a final 
volume of 7 µL. These reactions were run using the following thermal profile: 2 cycles of 96°C 
for 20s, 50°C for 15s, and 60°C for 4 min, followed by 24 cycles of 96°C for 12s, 50°C for 15s, 
and 60°C for 4 min. Cycle-sequence products were then purified using a Sephadex G-50 Fine 
(Sigma-Aldrich Co., St. Louis, MO) matrix in a 96-well filter plate. Cleaned products were run 
on an ABI 3130 Genetic Analyzer and sequences were aligned and checked for quality using 
Sequencher v4.7 (Gene Codes Corp., Ann Arbor, MI). 
 
Nuclear DNA Sequences 
Using four Louisiana samples of each species (LALO1 – LALO4; LAEL1 – LAEL4; Table 2.1) 
I amplified and sequenced 11 nuclear (nuDNA) markers ADAMTS6, SLC30A5 (Backström et al. 
2006); ALDOB4 (Saetre et al. 2003); ARNTL, PER2, VIM (Kimball et al. 2009), BF5 (Weissbach 
et al. 1991), BF7 (Prychitko 1997); G3PDH (Fjeldså et al. 2003); MYO2 (Slade et al. 1993); and 
VLDLR9 (Borge et al. 2005), and attempted to amplify an additional nine nuDNA markers: 
AQP5, ARVPA, BRM15, CLTC, CRYAA, IPOII, MSHR, PPWDI, and RHO1 (Consortium 2004). 
I found no informative single nucleotide polymorphisms (SNPs) among the 11 loci. Some loci 
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were completely homogeneous, while others had one to three unique SNPs found only in one 
individual. To develop informative nuDNA markers with SNPs that showed strong frequency 
differences (greater than 0.7) between the two species I used an AFLP-based genome reduction 
technique combined with 454 pyrosequencing (McCormack et al. 2012). Because I used this 
method to develop markers for analysis of the hybrid zone in Louisiana, next-gen data were only 
collected from members of the R. l. crepitans group and nominate R. elegans from Louisiana. 
We prepared samples from 20 individuals, 10 of each species collected in Louisiana 
(LALO1 – LALO10; LAEL1 – LAEL10; Table 2.1), on a quarter plate of a 454 pyrosequencing 
run. I standardized initial DNA concentrations at 100 ng/uL. Then, in a single step, 250 ng DNA 
was digested and adaptors (Table 2.2; Vos et al. 1995) were ligated on the resulting sticky ends 
for 2 hr at 37°C in an 11 µL volume reaction containing 3.47 µL water, 2.5 µL DNA template, 
1.1 µL T4 ligase buffer, 0.05 M NaCl, 5 U EcoRI, 1 U MseI, 0.05 mg/mL BSA, 5 U T4 ligase 
(New England Biolabs), and 0.91 µM adaptor for both MseI and EcoRI (all concentrations are 
final). Each adaptor was made beforehand by heating equal volumes of two complementary 
pieces of DNA to 95°C and allowing them to cool slowly to room temperature. I then conducted 
a round of PCR in a 20 µL reaction containing 4 µL of a 10-fold dilution of the digest-ligation 
product, 10.08 µL water, 1.5 mM MgCl2, 1X Phusion buffer, 0.2 mM dNTPs, 0.3 µM of each 
adaptor-specific primer (Table 2.2; Vos et al. 1995), and 0.4 U Phusion High-fidelity DNA 
Polymerase (Finnzymes, Woburn, MA). The PCR protocol was 2 min at 72°C, followed by 15 
cycles of 98°C for 30s, 56°C for 30s, and 72°C for 2 min, followed by 72°C for 10 min. For each 
individual, resulting PCR products were visualized on a 0.8% SeaKem GTG Agarose (Lonza, 
Rockland, ME) gel. A section of the resulting smear of DNA fragments (400-550 bp) was 
excised. During this step DNA from each individual was separated by a well containing Quick-
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Load 100bp DNA ladder (New England Biolabs) to insure alignment and to avoid cross-
contamination. These samples were column purified using a QIAquick gel extraction kit 
(Valencia, CA), eluted with 50 µL volume, and then subjected to another round of PCR, this time 
with longer “fusion primers” (Table 2.2). These primers include the complementary adaptor 
priming sites and overhanging DNA sequence containing the necessary binding sites for 
emulsion PCR and individual-identifying barcodes (20 different primers, each with a different 
barcode sequence). The MseI fusion primer is biotinylated on the 5’ end, and includes one 
selective base to reduce the genome further. The primer was biotinylated to aid in removing non-
targeted short fragments and to remove any EcoRI-EcoRI fragments. This PCR was 10 µL in 
volume and contained 2.5 µL of eluted PCR product, 3.94 µL water, 1.5 mM MgCl2, 1X Phusion 
buffer, 0.2 mM dNTPs, 0.3 µM of MseI reverse fusion primer (Table 2.2), and 0.2 U Phusion 
Polymerase. To each reaction, I separately added 0.3 µM of EcoRI forward fusion primer with 
indexes (Table 2.2). For this PCR, I used a touchdown profile beginning with 98°C for 2 min, 
then 12 cycles of 98°C for 30s, 65°C for 30s (reducing temperature by 0.7°C in each cycle), 
72°C for 2 min, then 10 cycles of 98°C for 30s, 56°C for 30s, and 72°C for 2 min, followed by 
10 min at 72°C. 
Conversion of the raw 454 output into loci and allele calls for each individual was 
performed using the computer pipeline PRGmatic v1.4 (Hird et al. 2011). The data were 
processed and screened for fixed or nearly fixed polymorphic sites. I identified 35 loci 
containing SNPs with high allele frequency differences between the two species (frequency 
difference > 0.70; Mean = 0.90, SD = 0.08). Four loci that contained between one and four fixed 
or nearly fixed SNPs (Frequency > 0.94; Mean = 0.96) between R. elegans and R. longirostris 
were chosen for Sanger sequencing. I found no evidence of paralogous gene copies in that there 
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were no variable positions with more than two nucleotides and all of the loci aligned with avian 
autosomal intron sequences when searched using BLAST (Consortium 2004; Warren et al. 
2010). I also assessed paralogy by using PRGmatic v1.4 to calculate within-species observed and 
expected heterozygosities. Paralogous loci should have a much higher observed than expected 
heterozygosity, but I found that all four loci had an equal or slightly higher observed 
heterozygosity than expected. I used Primer3 to design primers directly from 454 reads (Rozen 
and Skaletsky 2000); the loci are named for the contig order from the data assembly process 
(139, 472, 1166, 1766; Table 2.2). See above for PCR conditions for nuclear loci. 
 DNA sequences were aligned using Sequencher 4.7 (GeneCodes). No indels were 
detected in any sequences. Heterozygous sites in the nuDNA sequences were coded using 
standard IUPAC ambiguity codes.  
 
Phylogenetic Analysis 
We phased nuDNA haplotypes in each of the four datasets (see below) using PHASE 2.1.1 
(Stephens et al. 2001; Stephens and Donnelly 2003; Stephens and Scheet 2005) after preparing 
the datasets using the online tool SeqPHASE (Flot 2010). The PHASE runs included a threshold 
of 0.9 probabilities for acceptance. I constructed median-joining haplotype networks for each 
locus (including mtDNA) using the program Network v4.6 (Bandelt et al. 1999). 
We first identified the best-fit finite-sites model of sequence evolution for each of the loci 
using MrModelTest (Nylander 2004) with PAUP* v4.0b10 (Swofford 1998) under the Akaike 
Information Criterion (AIC). Using these optimal models I then estimated gene trees and species 
trees using BEAST v1.6.1 (Drummond and Rambaut 2007) and *BEAST (Heled and Drummond 
2010), respectively. I estimated a gene tree and a species tree for the full mtDNA dataset, and 
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estimated species trees for the mtDNA and nuDNA datasets and the nuDNA datasets alone. I 
define the first dataset as the full mtDNA dataset, which includes all of the samples sequenced 
from fresh tissue and feathers, as well as those sequenced from toe pads. The second dataset is 
hereafter referred to as mtDNA and nuDNA, and consists of the mtDNA sequences from all 
samples excluding the samples from toe pads, and the nuDNA sequences from all four loci from 
the same samples. The third dataset, nuDNA only, is just the four nuDNA loci sequences from 
all samples with fresh tissue. I estimated clock rates for each locus in each dataset, used a strict 
clock, and kept the substitution rates at 1. The three analyses were run three times for ten million 
generations, successively optimizing scaling factors with each run. Following optimization I ran 
each analysis for 200 million generations to ensure effective sample sizes were at least 200 for 
each parameter. I checked for convergence of parameters in Tracer v1.5 (Rambaut and 
Drummond 2007) and found the Maximum Clade Credibility tree using TreeAnnotater v1.6.1 
(Drummond and Rambaut 2007), discarding the first 10% of trees. Species tree delimitations 
were based on the major lineages recovered in the mtDNA gene tree. 
We estimated the maximum-likelihood tree for the full mtDNA dataset using Garli v1.0 
(Zwickl 2006). I also performed a maximum-likelihood bootstrap analysis with 100 replicates for 
the full mtDNA dataset using the program Garli v0.951 (Zwickl 2006). I conducted partition-
homogeneity tests for all possible combinations of the five loci, treating each as a separate 
partition, with 100 replicates using PAUP* v4.0b10 (Swofford 1998). I found significant 
heterogeneity for all tests excluding one or two loci (P = 0.01 or 0.02), and significant 
heterogeneity for seven out ten pairs of loci (P = 0.01 – 0.04). Because I found significant 
heterogeneity for the majority of locus combinations, I did not run any analyses using 
concatenations. 
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RESULTS 
The final mtDNA alignment included 787 bp of ND2 for the 54 DNA samples extracted from 
fresh tissue or feathers (Table 2.1), and 681 bp for 15 of the 16 toe pad samples. I was able to 
sequence only 656 bp from one individual (CBLO2, Table 2.1). For the 54 samples extracted 
from fresh tissue I aligned 817 bp of nuDNA sequences (n = 216; 2 alleles per individual for four 
loci from 54 individuals) from the four autosomal introns. The mtDNA data showed relatively 
low levels of uncorrected divergence within the complex, ranging from 0.3% to 2.1% (Table 
2.3). Jukes-Cantor corrected distances for synonymous sites only calculated using DnaSP v5 
(Librado and Rozas 2009) showed higher levels of divergence, ranging from 0.6% to 6.0% 
(Table 2.3). 
The nuDNA sequences aligned to autosomal intron sequences in either chicken or Zebra Finch 
(Table 2.4), of the 216 sequences generated, most were homozygotes (n = 167). With the 
exception of one SNP in one individual I were able to phase most (n =93) nuDNA haplotypes 
with a probability of 1.0 and the rest (n = 4) with a probability equal to or greater than 0.93. Only 
one SNP was called below the 0.9 threshold, an allele with a phase probability of 0.67 that was 
detected in one individual. Networks constructed including or excluding this allele were 
essentially identical; therefore the allele with a probability of 0.67 was used in all subsequent 
analyses.  
The optimal model of sequence evolution for the full mtDNA dataset was GTR + G. The 
full mtDNA dataset refers to sequences from all extracted samples, including samples from toe 
pads. I found the same model of sequence evolution using AIC when the sequences from toe 
pads were included or excluded. Different models were selected for each of the nuDNA loci 
using AIC (139, JC+I; 472, K80; 1166, F81; 1766, K80+I).
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Table 2.3 Mitochondrial genetic distances between groups. Jukes-Cantor corrected distances for synonymous sites only are 






















R. e. elegans - 0.012 0.035 0.029 0.017 0.035 0.035 0.054 0.047 
R. e. ramsdeni 0.006 - 0.023 0.017 0.006 0.023 0.035 0.041 0.035 
R. l. crepitans 0.01 0.012 - 0.006 0.017 0.035 0.035 0.053 0.047 
R. l. caribaeus Cuba 0.01 0.01 0.001 - 0.012 0.029 0.029 0.06 0.054 
R. l. caribaeus DR 0.006 0.007 0.006 0.006 - 0.029 0.029 0.047 0.041 
R. l. cypereti 0.01 0.01 0.013 0.012 0.011 - 0.012 0.041 0.035 
R. l. phelpsi 0.009 0.01 0.011 0.012 0.01 0.004 - 0.041 0.035 
R. l. obsoletus 0.015 0.016 0.018 0.021 0.017 0.013 0.011 - 0.006 
R. e. tenuirostris 0.013 0.013 0.016 0.018 0.015 0.012 0.012 0.003 - 
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Table 2.4 BLAST results for the four nuclear genes used in this study. Sequences were compared to the two available 
avian genomic reference sequences (Hillier et al. 2004; Warren et al. 2010). All four align to intron sequences and do 
not align closely to anything but bird sequence. Only alignments with E values lower than 1.00E-05 are shown. 
 Gallus gallus Taeniopygia guttata 
locus chromosome feature E value chromosome feature E value 
139 26 54845 bp at 3' side: green sensitive cone opsin 1.0E-08 none none none 
472 13 similar to macrophage colony stimulating factor I receptor 1.0E-62 13 similar to colony stimulating factor 1 2.0E-61 
1166 none none none 19 
237690 bp at 5' side: ligase III, DNA, ATP-
dependent, 68044 bp at 3' side: 
transmembrane protein 132E  
1E-24 
1766 24 centromere/kinetochore protein zw10 2.0E-21 24 centromere/kinetochore protein zw10 1.0E-21 
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Bayesian phylogenetic analyses of the full mtDNA data set using BEAST v1.6.1 
(Drummond and Rambaut 2007) resulted in several well-supported nodes in the gene tree 
(Figure 2.2). Maximum-likelihood analyses resulted in a very similar topology. However, 
bootstrap support was low for many clades (Figure 2.2). I used *BEAST (Heled and Drummond 
2010) as implemented in BEAST v1.6.1 (Drummond and Rambaut 2007) to estimate a species 
tree for the full mtDNA dataset (Figure 2.2), for the mtDNA and nuDNA datasets combined, and 
the nuDNA datasets combined. Both trees including nuDNA data had the same topology, which 
differed from the full mtDNA species tree. Nodal probability values were low (< 0.70) 
throughout the trees, with the exception of a sister relationship between R. l. caribaeus and the R. 
l. crepitans group (posterior probability = 0.99) so these trees are not presented here.  
The entire species complex is well supported as distinct from R. limicola (Figure 2.2). This was 
not surprising given the deep mtDNA divergence between the complex and R. limicola (15.2% - 
16.3%). There are three main lineages in the mtDNA topology consisting of a South American 
clade, a western North American clade, and an eastern North American and Caribbean clade 
(Figure 2.2). A clade including only the South American birds (R. l. cypereti and R. l. phelpsi, 
both members of the R. l. longirostris group) was well supported in Bayesian analyses (posterior 
probability = 1.0), and received moderate bootstrap support (69%). A clade including members 
of the R. l. obsoletus group and R. e. tenuirostris was well supported in both Bayesian and 
likelihood analyses (Figure 2.2). Also, a clade comprising R. e. elegans, ramsdeni, and members 
of the R. l. caribaeus and crepitans groups was well supported. Within this clade, a subset of R. 
e. elegans had high support as a distinct clade, as did a clade including members of the R. l. 
caribaeus and crepitans groups. A clade comprised solely of members of the R. l. crepitans 
group also had high support (Figure 2.2). 





Figure 2.2 Maximum Clade Credibility gene tree of ND2 inferred in BEAST (Drummond and 
Rambaut 2007). The labels above nodes are the posterior probability followed by the bootstrap 
support value (if greater than 65) for that node. The labels below nodes are the posterior 
probability for that node in the species tree estimate of the phylogeny, this label is not included if 
the value was below 0.95. The individuals in clade B are in the longirostris group. 
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The nuDNA provided limited phylogenetic information, with little, if any, divergence between 
subspecies or species groups. The two eastern North American mtDNA lineages, R. l. crepitans 
group and R. e. elegans, generally had two or more distinct haplotypes from one another, with 
some haplotype sharing (Figure 2.3). This is expected because I chose the nuclear markers based 
on distinctiveness between these two groups. The sole member of the R. l. caribaeus group for 
which I had fresh tissue always shared nuclear haplotypes with members of the R. l. crepitans 
group (Figure 2.3), consistent with the close relationship observed in the mtDNA data (Figure 
2.2). Members of the R. l. obsoletus group shared haplotypes with either R. e. elegans (Figure 
2.3.2, 2.3.4) or the R. l. crepitans group (Figure 2.3.1, 2.3.3). The South American birds either 
had distinct haplotypes (Figure 2.3.1, 2.3.2), or shared them with either R. e. elegans (Figure 
2.3.4) or the R. l. crepitans group (Figure 2.3.3). Haplotypes from R. limicola were distinct from 
the complex for three loci, but unexpectedly they shared a haplotype with several members of the 
complex (Figure 2.3.3).  
DISCUSSION 
Our primary finding is that R. elegans, as currently recognized, is paraphyletic with 
respect to R. longirostris. Species limits in the group correspond roughly to geography instead of 
current species designations. For example, the R. longirostris obsoletus subspecies group 
endemic to California and northwestern Mexico is sister to R. elegans tenuirostris of the 
highlands of Mexico, instead of to either R. longirostris or R. elegans of eastern North America 
as previously suggested in taxonomic treatments (Hellmayr and Conover 1942; Ripley 1977; 
Olson 1997). Additionally, the lineages of the R. l. crepitans group and nominate R. elegans, 
which are known to hybridize in eastern North America (Olson 1997), are in the same clade. 
This pattern of hybridization also apparently occurs on Cuba (Olson 1997) between members of  
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Figure 2.3 Median-joining haplotype networks inferred using Network v4.6 (Bandelt et al. 1999) 
for each of the four nuclear loci generated using next-generation sequencing. Circles are sized 
proportionally to the number of alleles tallied for each haplotype. Numbers indicate the tally for 
a given haplotype, except when the tally was one. (1) Locus 139, (2) locus 472, (3) locus 1166, 
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these same two lineages. This clade also includes birds of the Caribbean, including some with 
intermediate haplotypes (Figure 2.3). Despite the shallow mtDNA divergence between the R. l. 
crepitans group and nominate R. elegans, I were able to find nearly fixed nuclear differences 
using next-generation sequencing. These results do not reflect an overall pattern across the 
genome because, for future hybrid zone analyses, I biased the selection of nuclear loci to those 
that were most divergent between R. elegans and R. l. crepitans. Ideally, researchers would 
include all divergent mtDNA lineages for next-generation sequencing in a search for informative 
loci rather than searching for informative population-level loci (McCormack et al. In Press). I 
analyzed these loci here because they were more variable and divergent relative to anonymous 
loci screened at a population level, leading us to believe that they may also be useful to address 
phylogenetic questions within the complex. The lack of phylogenetic resolution that these loci 
provide should be carefully considered by researchers attempting to develop markers using this 
same technique in recently diverged species complexes. 
 There are two separate taxonomic possibilities for the complex. First, both species could 
be combined under R. longirostris following a previous taxonomic evaluation of the group 
(Ripley 1977). This view obscures the fact that two members of the complex are in secondary 
contact in eastern North America and Cuba but have not fused despite hybridizing (Olson 1997). 
My morphological and genetic characterization (Chapter 3) of the hybrid zone in Louisiana 
found that it is very narrow (~ 4.2 km wide), with selection against hybrids acting to maintain it 
(Chapter 4). These data suggest there is strong, albeit incomplete, reproductive isolation between 
these species in Louisiana. Extending these results to the remaining taxa and considering the 
differential level of morphological and genetic divergence between previously identified 
subspecies groups; my results suggest at least four species could be recognized in this complex. 
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This treatment would also be consistent with recent genetic analyses of other members of the 
family showing similar levels of divergence (Tavares et al. 2010; Goodman et al. 2011). The 
most divergent clade within the complex, according to mtDNA data, represents a pair of 
subspecies groups from both currently recognized species (R. l. obsoletus group and R. e. 
tenuirostris). This pair shares the same pattern observed in the birds of eastern North America, in 
that individuals of one group are relatively smaller than those of the other and are found 
primarily in saltmarshes, whereas the other is relatively larger, brighter, and found in freshwater 
habitats (Olson 1997). 
 Given that R. elegans and R. longirostris behave as species in secondary contact, I 
propose species rank for four members of the complex described below. Because I did not 
attempt to assess subspecies limits I recommend keeping all subspecific taxonomic designations 
within groups. These taxonomic recommendations are based on two factors: 1) that each of the 
species represent a morphologically distinct group within the complex; and 2), that the species is 
a unique clade in the mtDNA gene tree with one exception discussed below. I propose 
recognizing as a species the nominate form of R. longirostris Boddaert, 1783 found in South 
America and adjacent islands, and which includes the subspecies phelpsi Wetmore, 1941, 
margaritae Zimmer and Phelps, 1944, pelodramus Oberholser, 1937, cypereti Taczanowski, 
1877, and crassirostris Lawrence, 1871. These birds are relatively small, dull-breasted, robust-
billed, and restricted to mangroves (Figure 2.4; Eddleman and Conway 1998). The second 
species I propose would be the population of birds inhabiting the highland freshwater marshes of 
Mexico, R. e. tenuirostris Ridgway, 1874 and the critically endangered populations that occur 
along the Pacific Coast of North America, with R. l. obsoletus Ridgway, 1874 taking priority, 
and including the subspecies levipes Bangs, 1899, beldingi Ridgway, 1882, and, inland, 
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yumanensis Dickey, 1923. In their highland distribution, individuals are very bright rufous 
ventrally, and have diffuse flank banding (Figure 2.4; Meanley 1992). In the Pacific Coast 
populations this group is characterized by also having a bright rufous breast, and by their 
occurrence in saltmarshes (Eddleman and Conway 1998). The third species I propose consists of 
two subspecies, R. elegans elegans Audubon, 1834 and R. e. ramsdeni Riley, 1913. Four of the 
individuals from this group had intermediate haplotypes and were not a part of the main clade, 
but they had a lower genetic distance to R. e. elegans haplotypes (0.006) than to any R. 
longirostris haplotypes (Table 2.3). These birds breed in freshwater marshes of eastern North 
America and Cuba, are rufous-breasted, and relatively large (Figure 2.4; Meanley 1992). The 
fourth species consists of the eastern North America group of R. l. crepitans Gmelin, 1789, 
including the subspecies waynei Brewster, 1899, scottii Sennett, 1888, insularum Brooks, 1920, 
and saturatus Ridgway, 1880, as well as the birds of the Caribbean and Yucatan, including R. l. 
caribaeus Ridgway, 1880, pallidus Nelson, 1905, grossi Paynter, 1950, belizensis Oberholser, 
1937, leucophaeus Todd, 1913, and coryi Maynard, 1887. These birds are intermediate in size, 
and the breast spans a range of colors from very dull, silvery-gray, to dull rufous (Figure 2.4). 
They breed in Spartina spp. saltmarshes and saltmeadows of the Atlantic and Gulf Coasts of 
North America, as well as mangroves in the Yucatan, extreme southern United States, and 
Caribbean (Eddleman and Conway 1998).   
The taxonomy of this complex has been complicated by the morphological and ecological 
variation found within the group, as well as evidence of hybridization between the two eastern 
North American lineages (Olson 1997). Understanding the degree of hybridization and 
mechanisms preventing fusion of these two lineages is part of my ongoing research. My genetic 
results suggest that the morphologically distinct groups represent good species relative to  
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Figure 2.4 Two photographs showing specimens of members from each major group ventrally 
and in profile. The birds, from left to right, are as follows: R. e. tenuirostris (LSUMZ 39438; R. 
elegans group), R. l. yumanensis (LSUMZ 39435; R. l. obsoletus group), R. l. cypereti (B-67819; 
R. l. longirostris group), R. l. coryi (LSUMZ 141611 R. l. caribaeus group), R. l. saturatus (B-
63400; R. l. crepitans group), and R. e. elegans (B-63513; R. elegans group). All specimens are 
males in adult plumage. Photographs provided courtesy of R. E. Gibbons.  
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subspecific designations. The California and northwestern Mexico birds of the R. l. obsoletus 
group should be considered a distinct species, elevating them from endangered subspecies status 
to endangered species in the United States. I found little evidence of divergence between 
migratory and nonmigratory populations of King Rails in the eastern United States. However,two 
samples from migratory birds breeding in Oklahoma did have a unique mtDNA haplotype 
(Figure 2.2), which was also found in one bird from Louisiana, suggesting some structure within 
R. e. elegans in the U. S. may exist, warranting further study. The results of this study suggest 
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CHAPTER 3 
ECOLOGICAL SPECIATION IN RALLUS RAILS ALONG A SALINITY GRADIENT 
INTRODUCTION 
Speciation in vertebrates is thought to occur almost exclusively via allopatry, such that 
geographically isolated populations diverge genetically and phenotypically to the point of 
reproductive isolation (Mayr 1942). Ecological speciation occurs when this process is 
accelerated by adaptations to different environmental conditions (Nosil et al. 2009). Compelling 
examples of ecological speciation in non-model organisms are few, primarily because 
evolutionary mechanisms in allopatric populations are inherently difficult to test (Hendry et al. 
2007; Nosil et al. 2009) and the relevant selective agent acting on natural populations is often 
difficult to pinpoint. Recently diverged populations distributed along an environmental gradient 
provide excellent systems in which to investigate the processes associated with adaptive 
divergence in the context of ecological speciation. Salinity gradients are known to induce 
adaptive divergence in aquatic organisms (Whitehead and Crawford 2006; Hemmer-Hansen et 
al. 2007; Fuller 2008), but the extent to which physiological, ecological, or genetic adaptation of 
terrestrial vertebrates distributed along salinity gradients is involved in speciation has not been 
investigated.  
 Adaptation to saline environments in terrestrial birds can lead to substantial 
morphological changes (Greenberg and Olsen 2010; Luther and Greenberg 2011) and 
physiological adaptations (Sabat et al. 2006). Whether these changes have pleiotropic effects on 
reproductive isolation remains unexplored. In this regard, hybrid zones situated along salinity 
gradients provide a natural experiment to investigate the interplay between environmental 
change along a gradient and the reproductive isolation of organisms distributed along it (Endler 
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1977; Hewitt 1988; Coyne and Orr 2004). Genetic and morphological investigations of hybrid 
zones have revealed that the strength of selection acting against hybrids can be sufficient to 
maintain reproductive isolation in the face of the dispersal of unrecombined parentals across the 
gradient (Moore and Buchanan 1985; Ross and Harrison 2002; Mullen and Hoekstra 2008). 
 Here, I investigate a hybrid zone between two recently diverged (~1% divergent in 
mtDNA) avian sister species that replace one another along a salinity gradient. King Rails 
(Rallus elegans) and Clapper Rails (R. longirostris) are wetland birds that are morphologically, 
behaviorally, and vocally similar. The two have long been considered ecological replacements of 
one another (Meanley 1992; Olson 1997). Whereas Clapper Rails breed at high densities in 
coastal saltmarshes dominated by Spartina alterniflora, King Rails have a patchier distribution 
that reflects the more localized distribution of inland freshwater marshes (Fig. 1A; Meanley 
1992; Eddleman and Conway 1998). Where these two habitats come into contact along the Gulf 
and Atlantic coasts of the southeastern United States, King and Clapper rails hybridize (Meanley 
and Wetherbee 1962; Bledsoe 1988; Meanley 1989; Olson 1997; Eddleman and Conway 1998).  
 Previous studies of King and Clapper rails have demonstrated physical and physiological 
differences associated with osmoregulation (Conway et al. 1988). Both species have nasal salt 
glands on the dorsum of the skull, but these are significantly larger in Clapper Rails (Olson 
1997). The salt gland is a relatively simple organ composed of mitochondria-rich cells that, by 
creating a concentration gradient similar to the cells found in fish gills (Peaker 1971), is capable 
of filtering the blood and concentrating ions into a solution exceeding 20 times the osmolality of  











Figure 3.1 1) The distributions of King and Clapper rails in the eastern United States. Counties 
where King Rails have been recorded are shown in black, Clapper Rails are distributed in 
saltmarshes along a narrow band of the coast from New England to south Texas.  
2) Sampling in south Louisiana along the salinity gradient. Circles show approximate sampling 
localities. Site codes correspond to Table 3.1: A. GI, B. ML, C. R2, D. CC, E. R1, F. SB, G. R3, 
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blood plasma (Hughes 2003). Salt glands are needed in rails to maintain osmoregulatory 
equilibrium, because their kidneys are incapable of concentrating inorganic ions more than three 
times the concentration found in their blood (Braun 1999). Larger salt glands (relative to body 
size) are capable of excreting more salt from the blood and at higher concentrations (Peaker 
1971). Conway et al. (1988) gave both species high salt loads and found that Clapper Rails were 
capable of excreting salt more quickly and at higher concentrations. By studying the genetic and 
morphological change across this ecological gradient, I am attempting to understand if 
osmoregulatory differences could be responsible for ecological speciation between these two 
lineages. 
 
METHODS AND MATERIALS 
Sample Collection 
We sampled 139 rails from 11 different marshes spanning the transition from pure, parental King 
Rails at inland freshwater marsh localities to parental Clapper Rails at coastal saltmarsh localities 
(Figure 3.1B, Table 3.1). Birds were collected during the breeding season (April – July) by 
shotgun or mist net. 
 
Ecological and Morphological Data 
We collected water samples from open water sources at specimen collection sites. At each site, I 
collected at least four water samples. Samples were kept at a constant temperature for a month, 
shaken vigorously, and then measured for salinity level in parts per thousand (ppt) using a 
calibrated refractometer (MarineDepot.com). I used measurements from at least four samples to 
calculate a mean salinity per site on the day or days of rail collection.
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Table 3.1 Site code, sampling localities, number of collected bird samples (N), distance from the nearest saltwater source 
(km), mean salinity (ppt), mean salt gland weight (g), and voucher numbers. 
Code Locality N 
Distance 
(km) Voucher Numbers 
GI Jefferson Parish; Grand Isle, 1.6 km W Grand Isle, 29° 14.245' N, 90° 0.283' W 19 0.0 63400 - 63407, 63474 - 63478, 63536 - 63541 
ML Cameron Parish; Sabine NWR, E Mud Lake Road, 7.6 km NNE Holly Beach, 29° 50.079' N 93° 25.673' W  10 1.6 63518 - 63527 
R2 Cameron Parish; Rockefeller SWR, 15.3 km SE Grand Chenier, 29° 41.203' N 92° 50.678' W  10 2.2 63434 - 63443 
CC Cameron Parish; 3.2 km NNE Cameron, Amoco Road, 29° 49.347'N 93° 18.421' W 25 3.0 63454 - 63463, 63491 - 63505 
R3 Cameron Parish; Rockefeller SWR, 4 km W North Island, 29° 42.451' N 92° 46.491' W  10 6.9 63444 - 63453 
SB Cameron Parish; Sabine NWR, Second Bayou, 7.2 km N Holly Beach, 29° 50.133' N 93° 28.165' W  10 7.3 63408 - 63417 
R1 Vermilion Parish; Rockefeller SWR, 11.3 km W Pecan Island, 29° 38.776' N 92° 34.207' W 10 7.6 63418 - 63427 
SN Cameron Parish; Second Bayou, 5.6 km NNW Holly Beach, 29° 48.260' N 93° 29.075' W  10 8.0 63515 - 63517, 63528 - 63534 
SS Cameron Parish; Second Bayou, 4.3 km WNW Holly Beach, 29° 47.771' N, 93° 29.871' W 10 8.8 63506 - 63514, 63535 
LA Cameron Parish; Lacassine NWR, 10.5 km SW Lowry, 29° 58.723'N 92° 51.737' W 10 30.0 63433, 63479 - 63487 
CP St. Landry Parish; 6.4 km NNW Church Point, Dusty Road, 30° 27.724' N 92° 14.037' W 10 75.0 63464 - 63473 
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We measured total body weight immediately after collecting each bird. Salt glands of 
adult or fully-fledged (not accompanied by a parent) birds were weighed in the lab because the 




Mitochondrial sequences – Total DNA was extracted from ~25 mg fresh pectoral muscle using a 
DNeasy Tissue Kit (Qiagen Sciences Inc., Germantown, MD) following manufacturer’s 
protocols. I used primers RallusND2F and RallusND2R (Chapter 2) to amplify and sequence 789 
bp of NADH subunit 2 (ND2) for all samples. 
All PCR amplifications were 10 µL in volume and contained ~50 ng of DNA, 1X 
Standard Taq Buffer, 0.13 mM MgCl2, 0.5 µM of each primer, 0.1 mM dNTPs, 0.1 mg/mL BSA, 
0.25 U Taq DNA Polymerase (New England Biolabs Inc., Ipswich, MA), and 4.95 µL water. All 
mtDNA PCRs were performed using the following cycle parameters: 2 min at 94°C, followed by 
35 cycles of 94°C for 30s, 51°C for 30s, and 72°C for 1 min, followed by 72°C for 10 min. For 
nuDNA I used 60°C for the annealing temperature instead of 51°C. I confirmed amplification by 
running PCR products on 1% agarose gels. PCR products were then cleaned with 10 µL 
EXOSAP reactions containing 5 µL of PCR product, 4.25 µL water, 1.25 U Antarctic 
Phosphatase, 5 U ExoI, and 1X Antarctic Phosphatase Buffer. I then conducted cycle-sequencing 
reactions using Big Dye Terminator Cycle-Sequencing Kit v3.1 (Applied Biosystems Inc., Foster 
City, CA). All cycle-sequencing reactions included 1 µL of cleaned PCR product, 0.93 X 
Sequencing Buffer, 0.3 µL of 1X Big Dye 3.1, 2 X 10-5 µmoles of forward or reverse primer, and 
combined with distilled water to make a final volume of 7 µL. These reactions were run using the 
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following thermal profile: 2 cycles of 96°C for 20s, 50°C for 15s, and 60°C for 4 min, followed 
by 24 cycles of 96°C for 12s, 50°C for 15s, and 60°C for 4 min. Cycle-sequence products were 
then purified using a Sephadex G-50 Fine (Sigma-Aldrich Co., St. Louis, MO) matrix in a 96-
well filter plate. Cleaned products were run on an ABI 3130 Genetic Analyzer and sequences 
were aligned and checked for quality using Sequencher v4.7 (Gene Codes Corp., Ann Arbor, 
MI). 
 
Nuclear sequences – To find nuclear genetic markers that distinguish the two species I used an 
AFLP genome-reduction method (Vos et al. 1995) and then ran this product on a quarter plate of 
a 454 pyrosequencing run. The methods I used to generate the next-gen sequences are described 
in detail elsewhere (McCormack et al. 2012). I conducted the pyrosequencing run on 20 
individuals collected outside of the transition zone – 10 Clapper Rails collected on a barrier 
island and 10 King Rails from the sampling location farthest from the coast (Figure 3.1B).  
Conversion of the raw 454 output into loci and allele calls for each individual was 
performed using the computational pipeline PRGmatic v1.6 (Hird et al. 2011). After processing 
the data were screened for loci having fixed or nearly fixed differences between the species. Of 
474 loci screened I identified 35 loci having high allelic frequency differences between the two 
species (frequency difference > 0.7; Mean = 0.9, SD = 0.08). Four loci that had between one and 
four fixed or nearly fixed SNPs (Frequency > 0.94; Mean = 0.96) that sorted between King and 
Clapper rails were Sanger sequenced (see below) in all 139 individuals from the hybrid zone 
transect. I did not find evidence of paralogous gene copies in that there were no variable 
positions with more than two nucleotides and all of the loci aligned with single avian autosomal 
intron sequences when searched using BLAST. I designed PCR primers for the four loci using 
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Primer3 directly from 454 reads (Rozen and Skaletsky 2000); I named the loci for the contig 
order from the data assembly process (139, 472, 1166, 1766). I then sequenced these four loci for 
all 139 samples. See above for PCR conditions and Chapter 2 for primers used to sequence 
nuclear loci. 
 
Hybrid Zone Analyses 
The marshes of southwest Louisiana are large, but suitable habitat is patchily distributed; 
therefore, a straight-line transect is not the best characterization of the ecological gradient along 
which Clapper and King rail populations occur. Based on initial scouting observations, in which 
I examined phenotypic variation at different sites, salinity appeared to be the most important 
factor in predicting the taxonomic composition of each population. Therefore, I sampled marshes 
of varying salinities and distances to saltwater sources (Figure 3.1.2). To approximate the 
transition from saltmarsh to freshwater marsh, I measured the distance from the center of each 
sampling site to the nearest source of high salinity (salinity > 20 parts per thousand) by tracing 
along open canals using Google Earth v6.0.3.2197 (Google Inc., Mountain View, CA). These 
distances were used for all cline analyses (Table 3.1). 
We fit clines using the R statistical package (R Foundation for Statistical Computing, 
Vienna, Austria) for three sets of data: molecular, morphological and ecological. For the 
molecular data, I fit clines to King Rail ND2 haplotype frequency and to King Rail allele 
frequencies at each of the four nuclear loci. Nuclear allele frequencies were based on the 
frequency of a single SNP per locus rather than considering all SNPs at a given locus. For 
morphological data, I fit clines to total body weight and to the recorded salt gland weight divided 
by total body weight. Because salt gland data were missing for some individuals the overall 
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sample size (N = 99) was lower than that for other characters. For the ecological cline, I used the 
salinity data taken at each collection site.  
To apply the frequency likelihood function developed for the molecular data to the 
morphological and environmental data (neither of which are inherently frequency data), I had to 
first conduct a Bernoulli transformation of the data. I transformed morphological and ecological 
data into frequencies per site by transforming each sample into a Bernoulli trial (e.g., 0 or 1) in 
which 1 means that the sample is less than a constant and 0 means the sample is greater than or 
equal to that constant. To determine the constant for each trait, I created a vector of the 
midpoints between all the sample values. I then iteratively treated each midpoint as the constant, 
generating a frequency per site and calculating the information content of that distribution. I then 
chose as the constant the midpoint that yielded the maximum information.  
The structure of the hybrid zone was analyzed by modeling the shape of clines for 
organismal (i.e., molecular, morphological) and environmental (i.e., salinity) traits. These clines 
estimate changes in the population frequency along the geographical transect. Cline shape was 
modeled by combining three equations (Szymura and Barton 1986; Szymura and Barton 1991) 
that describe a sigmoid shape at the center of a cline and two exponential decay curves (tails) on 
either side of the central cline. The sigmoid shape is described by two parameters, width (w) and 
center (c). The decay curves are each described by two parameters, delta (d; distance between the 
tail and the center) and tau (t; slope of the tail/slope of the sigmoid; Gay et al. 2008). The whole 
cline can be scaled using Pmin and Pmax, which are the minimum and maximum frequencies for 
the cline. I fit clines using a new software package (HZAR) that provides functions for fitting 
genetic, ecological and morphological data from hybrid zones to these classic equilibrium cline 
models using the Metropolis-Hasting algorithm in the R platform (Derryberry et al in prep).  
	   50	  
We fit a series of 15 cline models to each data set. These models can be grouped into 
three sets: set 1 has no scaling (Pmin = 0, Pmax = 1), set 2 has fixed scaling (Pmin = observed 
minimum frequency, Pmax = observed maximum frequency), and set 3 fits Pmin and Pmax. 
Within each set, there are five variations, each of which includes the sigmoid cline but (A) has 
no tails, (B) has only a left tail, (C) has only a right tail, (D) has mirrored tails (same d and t) and 
(E) has independent tails (different d and t). For each data set, I ran each model for 1.0 x 106 
generations to set up the covariance matrix. I then ran three independent chains of three runs 
each for a total of 9.0 x 106 generations and assessed the stability and convergence of the MCMC 
trace, the posterior distribution, and the cline parameters (for an example, see Figure 3.2). 
Because some models displayed anomalies, I ran all models for an additional eight independent 
runs each with a different covariance matrix to ensure adequate exploration of the likelihood 
space. These runs added a total of 8.0 x 106 generations. After these runs, all traces showed 
stability and convergence. I identified and discarded the burn-in and concatenated independent 
runs for each model. I used corrected Akaike Information Criterion (AICc) to perform model 
selection. To visualize the best model for each trait, I plotted the maximum likelihood cline and 
the 95 percent credible cline region from the posterior distribution. 
Parameters estimated in the process of fitting cline models can be used to determine 
concordance between clines from different traits as well as the strength of selection against 
hybrids. For each trait, I generated 95 percent credible intervals for cline center and width from 
the posterior distribution for the selected model. To assess significant differences between 
estimates of w and c for each locus, I used two log-likelihood score confidence intervals 
(Edwards 1992). If these confidence intervals did not overlap, then I considered the parameters 
to differ significantly. 
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Figure 3.2. An example showing MCMC traces demonstrating convergence and stability of cline 
parameter estimates using HZAR. 1. Two graphs showing the MCMC trace and probability 
distribution of the estimate of cline center. 2. Two graphs showing the trace and distribution for 
width. 3. Two graphs showing the trace and distribution for the overall model. 
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We used the cline width estimates to determine the potential effects of selection acting on 
hybrids. Assuming neutral diffusion after secondary contact I modeled the hybrid zone’s 
structure assuming an absence of selection by using the equation w = 2.51σ√t, where w is the 
width of the hybrid zone, σ is the root mean square dispersal distance, and t is the time since 
contact (Barton and Gale 1993). An estimate of natal dispersal distance in Clapper Rails (~55 
km) is based on a study in which multiple flightless juveniles were banded and recovered after 
dispersing (Hon et al. 1977). I solved for t and calculated it using my estimates of the other 
parameters, and also solved for w using two estimates of t (45 and 250 years). I also estimated 
the strength of selection that favors different alleles on opposite ends of a sharp ecological 
gradient, where s* represents the mean fitness difference between populations at the center 
versus the edges (Barton and Gale 1993). I used the equation w = 1.732σ√s* assuming no 
dominance, and substituted 1.732 with 1.782 for dominance, and solved for s* (Barton and Gale 
1993). I also calculated a standardized linkage disequilibrium metric (R) between all pairs of 
polymorphic loci within sites using DnaSP v5 (Rozas et al. 2003). To determine the population 
assignment for each individual sampled across the hybrid zone, I analyzed the mitochondrial and 
four autosomal loci using the program Structure v2.3.2 (Pritchard et al. 2000). I set the 
population number to k = 2, and used the POPINFO flag to indicate that individuals sampled 
away from the contact zone were of known origin. For individuals without prior population 
information I ran the admixture model for cluster assignment multiple times with a burnin of 1.0 
X 105 steps and 1.0 X 106 iterations. I then modified the figure for publication using distruct v1.1 
(Rosenberg 2004) and Adobe Illustrator CS5 (Adobe Systems Inc., San Jose, CA). 
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Coalescent Analyses 
To prepare a larger dataset for a divergence population genetics analysis of the two species using 
the 454 data, I conducted a series of conversions from raw reads to final infiles. I used PRGmatic 
v1.6 (Hird et al. 2011) to obtain two allele calls per individual. The initial step in this pipeline 
uses the publicly available pyrosequencing tools found on the online Ribosomal Database Project 
to filter out short (length < 100bp) and low-quality reads (Q < 20), to remove primer and barcode 
sequences, and to identify and separate reads from barcoded individuals into fasta files. The 
pipeline then takes the fasta and quality files for each individual and uses a portion of the reads 
to concatenate a pseudo-reference genome from loci with a sufficient depth of coverage to call 
high confidence alleles and a minimum percent identity within an individual. The pipeline then 
aligns the remainder of the reads to the pseudo-reference genome with additional user-defined 
settings (Hird et al. 2011). Consensus sequence calls are determined by setting the minimum 
level of coverage within an individual. SNP calls use a minimum coverage threshold and the 
minimum percent of reads with a particular SNP for making calls for each individual at that 
nucleotide position (Hird et al. 2011). I ran the pipeline several times under various conditions 
and compared results to determine the optimal parameter settings for high-confidence allele and 
SNP calls (McCormack et al. 2012). I used the following settings: minimum coverage of reads to 
call high confidence alleles = 4; minimum percent identity to call a locus = 90; minimum 
coverage for calling consensus sequence in an individual = 3; minimum coverage for calling a 
SNP = 2; minimum percent of reads for calling a SNP = 20. The SNP calls were then compared 
to Sanger sequences from the same individuals for four loci to determine the accuracy of the 
pipeline under these settings (McCormack et al. 2012). 
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 We removed all loci that included fewer than ten individuals with allele calls. I then 
filtered potentially paralogous gene copies using observed and expected heterozygosities 
calculated by PRGmatic. I removed any locus with an observed and expected heterozygosity 
difference greater than 0.06. I made this determination based on the observation that most or all 
individuals were heterozygotes for these loci. To further remove potentially paralogous gene 
copies, I conducted a BLAST search of consensus sequences of each locus against the chicken 
and Zebra Finch genomes using Geneious v5.0.3 (Biomatters Inc., Auckland, New Zealand). 
Loci that aligned with an E-value less than 1.0E-04 were retained and I discarded any locus that 
aligned with high confidence to multiple locations within a genome.  
 We used the coalescent-based program Isolation with Migration analytic 2 (IMa2; Hey 
and Nielsen 2007; Hey 2010) to estimate a series of parameters describing the population genetic 
history of these two species. I selected 200 loci that aligned to avian genomes and had allele calls 
for the highest number of individuals (N > 10) for analysis under the Isolation with Migration 
model of divergence. I chose 200 loci because this is the maximum number allowed by the 
program. I then used a custom perl script to convert the fasta files into a single infile. I used 
IMa2 to estimate divergence time (t), effective population size (θ0, θ1, and θA), and migration rate 
(m1, and m2) parameters for each of four datasets from individuals collected away from the 
contact zone (Figure 3.1.2).  We also included substitution rates to convert parameters into 
demographic estimates of divergence time (T), effective population sizes (NC, NK, and NA), the 
migration rate from Clapper Rails into King Rails (MC>K), and the migration rate from King 
Rails into Clapper Rails (MK>C). I initially ran each of the four datasets with very large priors to 
determine the optimal priors that encompass the distribution of each parameter estimate. For 
each dataset I ran three replicates set to generate outfiles every hour until I determined that the 
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runs had reached convergence (ESS for t > 50). For the mtDNA dataset I used the following 
priors and substitution rate: q = 200, t =10, m = 0, substitution rate = 1.125 X 10-8 
substitutions/site/year (Klicka et al. 2011). I set the migration rate to zero based on the initial 
runs with large priors and because the two populations do not share mtDNA haplotypes. I used 
the substitution rate of 1.35 X 10-9 substitutions/site/year (Ellegren 2007) for autosomal loci and 
1.45 X 10-9 substitutions/site/year (Axelsson et al. 2004; Ellegren 2007) for Z loci. For the auto 
and autoZ datasets I used the following priors: q = 5, t = 0.5, m = 5. For the Z dataset I used the 
following priors: q = 30, t = 2, m = 20. After a burnin of 100,000 steps I ran each dataset for a 
minimum of 1 X 106 generations. 
 
RESULTS 
Ecological and Morphological Results 
The highest mean salinity (30.5 ppt) was observed on a barrier island off the coast of Louisiana 
(GI; Table 3.2). I found the lowest salinities at the two sites farthest from the coast (1.0 ppt, LA; 
0.0 ppt, CP; Table 3.2). All other localities had intermediate salinities, ranging from 3.0 ppt (SS, 
SN; Table 3.2) to 23.8 ppt (R2; Table 3.2). One site, R3, had unusually high salinity relative to 
the distance from the nearest saltwater source (Table 3.2). Reasons for this abnormally high 
salinity are discussed below. 
 We conducted an Analysis of Variance (ANOVA) and found a significant difference in 
total body weight (F = 34.85, Pr(>F) = 2.38 × 10-6) and nasal salt gland weight (F = 30.57, 
Pr(>F) = 2.38 ×10-6) between parental Clapper Rails on the barrier island (GI; Table 3.2) and 
parental King Rails at two combined inland sites (LA, CP; Table 3.2). I found that these traits 
varied across the hybrid zone; body weights generally increased with decreasing salinity, and salt  
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Table 3.2 Site code, distance from the nearest saltwater source (km), mean salinity (ppt), 
number of water samples (NSAL), mean total body weight (g), number of birds weighed (NW) 
mean salt gland (SG) weight (g), and number of salt gland pairs weighed (NSGW). Standard 






(ppt) NSAL Mean Body Weight (g) NW Mean SG Weight (g) NSGW 
GI 0.0 30.5 (2.4) 4 335.67 (24.85) 15 0.16 (0.042) 9 
ML 1.6 17.3 (1.2) 10 345.43 (30.34) 7 0.15 (0.033) 6 
R2 2.2 23.8 (0.5) 4 328.13 (27.89) 8 0.22 (0.043) 6 
CC 3.0 10.6 (4.0) 19 349.50 (32.98) 22 0.15 (0.039) 22 
R3 6.9 20.8 (3.7) 6 375.50 (32.95) 10 0.17 (0.033) 10 
SB 7.3 7.2 (2.2) 5 372.78 (28.96) 9 0.12 (0.036) 9 
R1 7.6 4.0 (1.2) 5 387.40 (37.80) 10 0.11 (0.040) 8 
SN 8.0 3.0 (1.7) 10 380.50 (24.99) 6 0.10 (0.043) 6 
SS 8.8 3.0 (0.7) 10 382.44 (18.45) 9 0.092 (0.030) 9 
LA 30.0 1.0 (1.0) 5 378.75 (22.95) 8 0.031 (0.020) 7 
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gland weights generally decreased with decreasing salinity (Table 3.2). Relative weight of the 
nasal salt gland in these two species has been shown to be plastic depending on duration of 
exposure to high saline environments (Conway et al. 1988), and this is discussed below. 
 
Molecular Results 
King and Clapper rails are fixed for alternate ND2 mitochondrial haplotypes at opposite ends of 
the salinity gradient (sites GI and CP in Figure 3.1.2), but these are only weakly (~1% sequence 
divergence) differentiated. I filtered the 454 sequencing data collected from these two sites, 
resulting in 474 loci that included at least seven individuals and aligned to either nothing or a 
single genomic location in Zebra Finch or chicken (Table 3.3). The 474 loci averaged 325 bp in 
length (minimum 268 bp; maximum 405 bp), with an average of 7X coverage per individual 
(minimum 4.2X; maximum 25X). I found substantial frequency differences for at least one SNP 
(Frequency > 0.7) between the two species for 35 of these loci (Table 3.3). When I used the 
BLAST function in Geneious v5.0.3 on these 35 loci I found that 11 of them aligned with 
nothing in either chicken or Zebra Finch genomes, 11 of them aligned with various housekeeping 
genes, and 13 with them aligned to genes possibly involved in osmoregulation (Table 3.3). I 
Sanger-sequenced four of the 35 loci for all individuals collected at sites GI and CP and found 
that one was fixed (1166), whereas the other three exhibited strong frequency differences (139 = 
0.92; 472 = 0.67; 1766 = 0.92). Sanger sequencing of the four loci confirmed a very low bp call 
error rate of < 0.05% for the 454 data with the settings I used in PRGmatic v1.6 (Hird et al. 
2011; McCormack et al. 2012). 
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Table 3.3 Frequency differences (F) for the 35 loci with strong differences between the two populations for SNPs 
compared to the chicken and Zebra Finch genomes. Difference score is calculated as the absolute value of the 
number of individuals with one base in one population minus the number of individuals with a different base pair 
in the other population, taking into account the number in each population that has the other population-specific 
SNP. The number of SNPs indicates the number of population specific SNPs that sort together. Also shown are 
the BLAST results comparing the loci to the chicken and Zebra Finch genomes. Function is the purported gene 







SNPs Chicken Zebra Finch Potential Function 
38 18 18 1.000 2 Nothing Nothing Unknown 
42 15 20 0.750 1 Nothing Nothing Unknown 
50 17 19 0.895 2 Chr. 20 - similar to long type PB-cadherin 
Chr. 17 - 5' similar to ribosomal 
protein L35; 3' similar to Chr. 9 
open reading frame 126 
Tight Junction - 
Osmoregulation 
54 17 18 0.944 1 Nothing 
Chr. 13 - 5' hypothetical protein; 
3' DnaJ (Hsp40) homolog, 
subfamily C, member 18 
Protein Folding 
86 14 19 0.737 4 
Chr. 10 - similar to 
secretory carrier 
membrane protein 
Chr. 10 - similar to secretory 
carrier membrane protein 2 
Regulation of Sodium, 
Potassium Exchangers - 
Osmoregulation 
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table continued      
139 19 20 0.950 1 Nothing Nothing Unknown 
173 15 16 0.938 1 
Chr. 19 - 5' similar to 
nuclear receptor co-
repressor 1; 3' similar 
to PIG-L 
Chr. 19 - 5' nuclear receptor co-
repressor 1 isoform 2; 3' similar 
to phosphatidylinositol glycan 
anchor biosynthesis 
Possibly Osmoregulation 
220 16 17 0.941 3 Nothing Nothing Unknown 
248 14 18 0.778 3 Nothing Chr. 17 - euChromatic histone-lysine N-methyltransferase 1 
Potentially 
Osmoregulation 
285 15 19 0.789 1 Nothing Nothing Unknown 
329 19 20 0.950 4 
Chr. 21 - 5' similar to 
RNDEu-2; 3' similar to 
guanylin 
Chr. 21 - 5' transitionial epithelia 
response protein; 3' patched 
domain containing 2 
Guanylin Induces Chloride 
Secretion and Decreases 
Intestinal Fluid Absorption 
- Osmoregulation 
403 15 19 0.789 8 Nothing Nothing Unknown 
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table continued      
430 16 18 0.889 3 Nothing Chr. 13 - 5' follistatin-like 4; 3' folliculin interacting protein 1 
Tumor Suppression - 
Possibly Osmoregulation 
(Salt Gland Growth) 
431 17 19 0.895 1 Nothing 
Chr. 23 - 5' similar to gap 
junction protein, connexin 31; 3' 
similar to CSMD2 protein 
Vasopressin Receptor 
Activity - Osmoregulation 
437 20 20 1.000 2 Nothing Nothing Unknown 
472 16 17 0.941 4 
Chr. 13 - similar to 
macrophage colony 
stimulating factor I 
receptor 
Chr. 13 - similar to colony 
stimulating factor 1 Immune Function 
565 14 17 0.824 2 Chr. 19 - hypothetical protein - ATP binding 
Chr. 19 - similar to probable 
ATP-dependent RNA helicase 
DHX40 
ATP-binding - Possibly 
Osmoregulation 
656 18 18 1.000 2 
the end is a repetitive 
element found on most 
other chicken Chr.s 
Chr. 13 - 5' similar to KIAA0837 
protein; 3' prolyl 4-hydroxylase, 
alpha II subunit 
Not Osmoregulation 
755 17 17 1.000 2 
Chr. 17 - 5' LIM 
homeobox 3; 3' NIMA 
(never in mitosis gene 
a)-related kinase 6 
Chr. 17 - 5' LIM homeobox 2; 3' 
NIMA (never in mitosis gene a)-
related kinase 6 
Cell Division - Possibly 
Osmoregulation 
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table continued      
863 15 18 0.833 1 




866 17 18 0.94 1 Chr. 23 - similar to GluR7 
Chr. 23 - similar to Glutamate 
receptor, ionotropic kainate 3 
Ion Channel Receptor - 
Osmoregulation 
917 19 19 1.00 1 
Chr. 19 - 5' similar to 
Williams Beuren 
syndrome Chr. region 
27; 3' LIM domain 
kinase 1 
Chr. 19 - 5' similar to 
transmembrane tight junction 
protein claudin; 3' hypothetical 
protein 
Controls Organization of 
Actin Filaments - 
Osmoregulation 
1166 18 19 0.95 3 Nothing 
Chr. 19 - 5' ligase III, DNA, 
ATP-dependent; 3' 
transmembrane protein 132E 
Ion Channels - 
Osmoregulation 
1179 14 16 0.88 1 Nothing Nothing Unknown 
1469 16 16 1.00 5 Nothing Nothing Unknown 
1535 16 16 1.00 3 Nothing Nothing Unknown 
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table continued      
1563 15 17 0.88 2 Nothing Chr. 25 - 5' hypothetical protein; 3' similar to keratin Unknown 
1618 17 18 0.94 1 Nothing Chr. 20 - 5' similar to Gpr7; 3' myelin transcription factor 1 Nervous System 
1702 15 15 1.00 1 Chr. 13 - similar to neuralized-2 Nothing Unknown 
1766 18 18 1.00 4 
Chr. 24 - 
centromere/kinetochore 
protein zw10 
Chr. 24 - centromere/kinetochore 
protein zw10 
Cell Division - Possibly 
Osmoregulation 
1865 14 17 0.82 1 
Chr. 4 - 5' hypothetical 




Chr. 4 - 5' sprouty homolog 1, 
antagonist of FGF signaling; 3' 
ankyrin repeat domain 50 
Spermatogenesis 
2379 15 19 0.79 1 
Chr. 23 - 5' 
hypothetical protein; 3' 
syndecan 3 (N-
syndecan) 
Nothing Actin Cytoskeleton - Osmoregulation 
2778 14 17 0.82 1 Nothing Nothing Unknown 
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table continued      
9661 17 20 0.85 1 
Chr. 17 - 5' ribosomal 
protein L35; 3' 
hypothetical protein 
Chr. 17 - 5' ribosomal protein 
L35; 3' hypothetical protein Not Osmoregulation 
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Hybrid Zone Results 
We sequenced mtDNA and the four nuclear markers developed using next-gen sequencing for all 
individuals collected in the hybrid zone. I found a mixture of haplotypes at all sites of 
intermediate salinity, with the highest admixture in the middle of the hybrid zone. I fit the fifteen 
cline models described in the methods to each marker and checked all parameter traces for 
convergence (Figure 3.2). I found that the simplest cline models (model 1) fit the molecular 
markers, body weight, and salinity (Table 3.4). Only corrected salt gland weight had a more 
parameter-rich best-fit model (model 3A, Table 3.4). All genetic markers exhibited sharp 
transitions (Figure 3.3.1 – 3.3.5), as did salinity, total body weight, and corrected salt gland 
weight (Figure 3.3.6 – 3.3.8). The transitions in genetic markers were centered from ~4.0 km to 
~6.8 km from the nearest saltwater source (Table 3.4). The width of these transitions was very 
narrow, from ~4.0 km for mtDNA, and ranging from ~6.7 to ~17.3 km for nuDNA (Table 3.4). 
The center for salt gland weight (~7.2 km from the nearest saltwater source, Table 3.4) was 
significantly offset from ND2, 139, 472, weight, and salinity. However, all other estimated 
centers were coincident (Table 3.4). Salt gland weight had a significantly narrower width than 
the other estimated widths, and marker 472 showed a significantly wider transition than all other 
clines (Table 3.4). 
 Based on a neutral diffusion model assuming a dispersal distance of ~55 km and a time 
since secondary contact of 45 years, the expected width of the clines should be ~838 km. Using a 
time since contact of 200 years, the expected width should be ~3723 km., whereas the mtDNA 
width was ~4.0 km. My estimates of the time since contact based on a neutral diffusion model 
using the width of each cline suggest very recent contact of less than one year for all characters 
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Figure 3.3 Cline shape estimates of genetic, morphological, and ecological datasets generated 
using HZAR. Points represent specific locality frequencies, black lines represent maximum 
likelihood estimates of the cline, and gray shaded areas represent credible cline regions. The 
right side of each graph is truncated to 40 km to show detail within the transition zone. 1. Locus 
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Figure 3.3 continued. 5. Locus 1766. 6. Weight. 7. Corrected Salt Gland Weight. 8. Salinity 
(ppt). 
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Table 3.4 Models selected and cline shape parameters estimated with 2-unit log likelihood 
confidence intervals for center and width in parentheses.  
Dataset N1 Model 
c (km from 
saltwater source) w (km) dr tR Pmin Pmax 
ND2 134 1C 4.0 (3.2 - 6.3) 4.0 (2.0 - 10.0) 0.7 0.1 0 1 
139 268 1A 5.3 (4.6 - 6.0) 8.3 (6.6 - 11.0) 1 0 0 1 
472 268 1A 4.3 (3.0 - 5.5) 17.4 (12.4 - 27.7) 1 0 0 1 
1166 268 1C 6.8 (4.0 - 7.5) 6.7 (2.1 - 9.0) 1.9 0.2 0 1 
1766 268 1C 6.0 (3.8 - 6.9) 6.8 (2.6 - 9.6) 1.3 0.1 0 1 
weight 99 1C 3.6 (1.9 - 5.2) 13.8 (7.0 - 25.7) 4.5 0.1 0 1 
sg.corrected 99 3A 7.2 (6.9 - 7.4) 0.2 (0 - 1.3) 1 0 0.2 0.9 
sal 82 1A 4.3 (3.4 - 5.3) 4.6 (3.0 - 7.3) 1 0 0 1 
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Table 3.5 Time-since-contact 
calculations based on a neutral 
diffusion model and a selection 
coefficient representing fitness 
differences between the center 
and edges across the salinity 
gradient (Barton and Gale 1993). 
See methods for equations used 
in making these calculations. 
Locus t (years) s*1 s*2 
ND2 0.0008 579 613 
139 0.0036 130 138 
472 0.016 30 32 
1166 0.0024 200 212 
1766 0.0025 193 205 
weight 0.010 47 50 
sg 0.000002 280076 296480 
mean 0.0051 227 240 
1Assuming no dominance.  
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(Table 3.5). My estimates of selection coefficients were all 30 or greater, with the highest 
coefficients found for salt glands (Table 3.5). 
We found significant differences in between-locus standardized linkage disequilibrium 
(R) for genetic markers, with a higher number of significant linkage disequilibrium estimates in 
the center of the hybrid zone than at the edges (Table 3.6). My results assigning known parental 
populations on opposite ends of the gradient and then using Structure to assign individual 
ancestry for all individuals within the gradient showed effectively “pure” populations for sites on 




For the mtDNA dataset, I conducted three runs of IMa2 for 1 × 109 steps following the burnin, 
which resulted in very high effective sample sizes (ESS > 7 × 105). The parameter estimates 
from each run were very similar, so I only present the results from a single run. Time since 
divergence for the mtDNA dataset was found to be ~ 280,000 years before present (ybp), with 
wide confidence intervals (Figure 3.5.1 and Table 3.7). For the mtDNA dataset the female 
effective population size of King Rails was found to be higher than for Clapper Rails however, 
the confidence intervals broadly overlapped (Table 3.7). 
 We conducted similar runs for three nuclear datasets: autosomal loci only (auto, N = 
191), Z loci only (Z, N = 9), and autosomal and Z loci combined (autoZ, N = 200), but with 
fewer steps following the burnin because running the much larger datasets was more 
computationally intensive. Loci selected for the autoZ dataset were distributed across the 
genome according to the BLAST results (Figure 3.6). I ran each dataset three times for at least 9  
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Figure 3.4 Structure results showing proportion of membership of each individual sampled 
across the hybrid zone. Boxed portions indicate populations with labels referring to locations in 
Table 3.1 and within each box bars represent individuals, with light gray representing Clapper 
Rail genotypes and dark gray representing King Rail genotypes. The y-axis represents the 
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Figure 3.5 Probability distributions of time since divergence estimated with IMa2 (Hey 2010) 
using mitochondrial (Klicka et al. 2011), autosomal (Ellegren 2007), Z (Ellegren 2007), or 
autosomal and Z substitution rates (Ellegren 2007). 1. mtDNA 2. Z loci only. Two additional 
graphs are shown on the next page. 





Figure 3.5 continued. 3. Autosomal loci only. 4. Autosomal and Z loci combined. 
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Table 3.6 Standardized linkage disequilibrium (R) estimates for all sampling localities, 
estimated using DNAsp. Site codes refer to Table 1. Bold values are significant under 
Fisher's exact test. Only polymorphic loci are included (N/A signifies monomorphic 
comparisons): therefore, CP was not included because there is only one polymorphic 
locus. 




2 GI ML R2 CC R3 SB R1 SN SS LA 
ND2 139 N/A -0.14 0.33 0.13 0.29 0.14 0.22 0.35 0.07 N/A 
ND2 472 N/A 0.44 0.03 0.08 0.38 0.87 0.21 0.36 0.13 N/A 
ND2 1166 N/A N/A -0.11 0.28 0.21 0.61 -0.66 0.64 -0.09 -0.076 
ND2 1766 N/A -0.076 -0.08 0.29 0.29 0.87 0.21 0.63 0.36 -0.076 
139 472 0.20 0.33 0.46 0.46 0.17 0.08 0.68 0.28 0.64 N/A 
139 1166 N/A N/A -0.14 0.46 0.60 0.23 -0.50 0.55 -0.33 N/A 
139 1766 -0.048 0.55 -0.10 0.40 0.60 0.08 0.68 0.40 0.29 N/A 
472 1166 N/A N/A 0.03 0.31 0.55 0.47 -0.52 0.23 -0.47 N/A 
472 1766 -0.12 -0.076 0.25 0.23 0.17 1.00 0.56 0.24 0.47 N/A 
1166 1766 N/A N/A -0.08 0.47 0.60 0.47 -0.31 0.73 -0.67 -0.053 
mean1 all 0.011 0.27 0.16 0.31 0.38 0.48 0.45 0.44 0.35 0.068 
mean2 nuc 0.011 0.32 0.18 0.39 0.45 0.39 0.54 0.40 0.48 0.053 
1Mean absolute value of R for all loci. 
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Table 3.7 Demographic parameters estimated using IMa2 for multiple datasets. Estimates use substitution 




 mtDNA1 Z Auto AutoZ 
t (years) 
279,341 (52,218 - 
622,053) 
522,593 (183,909 - 
1,269,153) 
834,478 (716,397 - 
970,819) 
826,331 (705,080 - 
958,496) 
NeK (individuals) 
58,302 (7605 - 
316,857) 
2,970,311 (1,440,771 - 
13,089,852) 
1,197,546 (944,951 - 
1,547,528) 
1,341,349 (1,007,906 - 
1,696,010) 
NeC (individuals) 
38,023 (0 - 
291,508) 
1,905,096 (402,870 - 
10,399,502) 
2,074,022 (1,696,651 - 
2,506,174) 
2,041,5778 (1,659,635 - 
2,596,305) 
NeA (individuals) 
N/A 594,062 (170,708 - 1,181,296) 
406,283 (327,157 - 
494,539) 
422,866 (337,990 - 
510,773) 
mK>C (individuals) 0 0.75 (0 - 203.1) 2 (0.942 - 2.935) 1.727 (0.64 - 3.218) 
mC>K (individuals) 0 2.85 (0 - 125.8) 2.62 (1.17 - 4.24) 3.276 (0.976 - 4.894) 
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× 106 steps following the burnin, which yielded effective sample sizes of 10 or higher. For each 
of the three nuclear datasets the parameter estimates were very similar across runs, so I only 
present the results of a single run. For the nuclear datasets the time since divergence was 
consistently older (~523,000 ybp – 826,000 ybp; Table 3.7) than the mitochondrial estimate, and 
with much narrower confidence intervals (Figure 3.5). The time since divergence according to 
the Z dataset (Figure 3.5.2 and Table 3.7) was twice that of the mtDNA dataset (Figure 3.5.1), 
and was even older for the auto (Figure 3.5.3) and autoZ datasets (Figure 3.5.4). Effective 
population size estimates for each of the three nuclear datasets were consistently several orders 
of magnitude higher than those for the mtDNA dataset. For the Z dataset I found, as with the 
mitochondrial estimate, that King Rails had a higher effective population size (~3 × 106) than 
Clapper Rails (~2 × 106), but confidence intervals broadly overlapped (Table 3.7). I found the 
opposite pattern for auto and autoZ, with King Rails having a lower effective population size 
(~1.2 - ~1.3 × 106) compared to Clapper Rails (~2 × 106). Confidence intervals of effective 
population size did not overlap between the two species for the auto dataset, but they did for the 
autoZ dataset (Table 3.7). Ancestral effective population sizes for each of the three nuclear 
datasets were consistently lower than the estimates for each species (Table 3.7). Migration 
estimates were inconsistent across datasets, with very broad confidence intervals for the Z 
dataset. The auto and autoZ datasets showed higher migration from Clapper into King rails, but 
confidence intervals overlapped for both datasets (Table 3.7). 
 
DISCUSSION 
This first morphological and genetic characterization of the King Rail/Clapper Rail hybrid zone 
suggests that an environmental salinity gradient is contributing to their reproductive isolation,  
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Figure 3.7 A histogram showing the relationship between King Rail allele frequencies and mean 
salinity. Allele frequencies are shown as columns, with each shade representing a different locus. 
A value of zero means that all individuals were fixed for the Clapper Rail allele at that locus, 
while a value of one means that all individuals were fixed for the King Rail allele. 
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and may have been instrumental in their ecological speciation. The relationship is striking 
between allele frequencies and mean salinity per site (Figure 3.7). The hybrid zone would have 
to be improbably young, on the order of less than one year, to explain the narrow widths of the 
genetic and morphological clines (Figure 3.3, Table 3.4) solely by neutral diffusion after 
secondary contact. This is especially true given the high dispersal capabilities of rails. Although 
brackish marsh that would facilitate secondary contact has likely always existed in Louisiana 
estuarine systems, recent human influence has had a significant effect on the marshes. These 
effects may have resulted in more opportunities for hybridization. Several of the sites where I 
collected are around Calcasieu Lake, including CC, ML, SB, SN, and SS (Figure 3.1.2). This 
formerly freshwater lake was first dredged in 1874, but deep dredging, flooding the lake with 
high salinity Gulf of Mexico water, was not completed until 1941 (LCW Conservation 2002). On 
a finer scale the occurrence of breeding King Rails in newly created freshwater impoundments in 
the middle of coastal saltmarsh illustrates their dispersal and colonization abilities. 
 The coincidence and concordance of the rail hybrid zone with the salinity gradient 
provides a terrestrial counterpart to a similar pattern found in Chesapeake Bay killifish 
(Fundulus heteroclitus). The killifish are distributed more or less continuously along a salinity 
gradient from the Atlantic coast, upstream into the streams and rivers that feed the Chesapeake. 
A cryptic hybrid zone was identified via microsatellite data between a freshwater genetic lineage 
and a saltwater lineage, centered at a salinity of approximately 0.5 ppt (Whitehead et al. 2011). 
Genetically encoded gene expression differences partially explain the adaptive differences in salt 
tolerance between the fish populations (Whitehead and Crawford 2006; Whitehead 2009; 
Whitehead et al. 2011). Similar processes might account for differences in salt tolerance between 
the rail species. 
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The interdigitation of salt and freshwater marshes near the coast make the rail hybrid 
zone reminiscent of the mosaic hybrid zones described for Gryllus crickets (Ross and Harrison 
2002) in the northeastern United States, where species are partitioned by habitat across a patchy 
mosaic, with narrow hybrid zones occurring wherever these two habitats meet. On a large 
geographic scale, the salinity gradient in Louisiana represents a linear change from inland 
freshwater marshes to coastal saltmarshes. But near the coast, the marshes of southwest 
Louisiana are patchy with respect to salinity, and transitions from freshwater marsh to brackish 
marsh to saltmarsh across the landscape can occur abruptly. For example, the saltmarsh and an 
artificial freshwater impoundment are separated by a small beach ridge (< 5m high) at one 
coastal locality (Willow Island). I collected and sequenced four Clapper Rails from this 
saltmarsh, and individuals had similar genotypes to those found at a pure Clapper Rail 
population (GI, Figure 3.1B). Less than 300 meters away in the freshwater impoundment I 
collected and sequenced a “pure” King Rail and observed several others that appeared 
phenotypically pure. Birds could be heard calling from the other side of the ridge, but did not 
appear to be hybridizing in the absence of brackish habitat where the two could occur 
syntopically. Thus, availability of brackish marshes of intermediate salinity is apparently a 
prerequisite for hybridization. 
Signatures of ecological speciation due to adaptive divergence for different salinities 
have been found in a number of taxa, including killifish (Whitehead and Crawford 2006; Fuller 
et al. 2007), amphipods (Seidel et al. 2010), and sunflowers (Karrenberg et al. 2006). The 
genome scan I performed by using next-gen sequencing to search for differentiated loci suggests 
a role for osmoregulation across the gradient in the ecological speciation of the rails. 
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Approximately one third of the divergent autosomal markers I found have been implicated in 
osmoregulation (Table 3.3).  
The rapid transition in the size of the salt glands relative to total body weight is also 
consistent with adaptive osmoregulatory divergence, because the size of this organ is directly 
related to the ability to excrete excess inorganic ions from the blood (Peaker 1971). Disruptive 
osmoregulatory forces should be similar for all euryhaline osmoregulators inhabiting a salinity 
gradient, whether aquatic or terrestrial, provided the organisms are obtaining water by drinking 
or through osmosis. At the freshwater end of the gradient, the animal’s blood plasma is hyper-
osmotic relative to the water; thus there is pressure to shed excess water and retain inorganic 
ions. At the saline end of the gradient, the organism’s blood plasma is hypo-osmotic relative to 
the water, thus there is pressure to retain water and shed excess inorganic ions. At an 
intermediate salinity in the gradient the organism’s blood plasma is iso-osmotic relative to the 
water and the organism should be at osmoregulatory equilibrium. Therefore, an individual in the 
middle of the hybrid zone may not be as well adapted for osmoregulatory challenges as 
individuals closer to the extremes and could potentially have reduced fitness relative to 
individuals further from the center of the zone. 
Several lines of evidence point to differences in osmoregulatory ability between these 
two species. First, experimental evidence indicates that Clapper Rails are better able to handle a 
salt load than unacclimated King Rails (Conway et al. 1988). Second, Clapper Rails have 
significantly larger nasal salt glands than King Rails. Third, birds that are primarily King Rails 
genotypically appear to have developmental difficulties in a high salinity environment. Evidence 
for this exists from my third collecting site on Rockefeller State Wildlife Refuge (R3). I collected 
ten birds from the marshes at this site, and found a high salinity (~20.8 ppt) relative to other sites 
	   81	  
at approximately the same distance from a saltwater source (Table 3.2). This high salinity was a 
direct result of human influence because the refuge manages a large section of the marsh for 
waterfowl hunting. This management involves artificially flooding the marsh with saltwater to 
kill the freshwater vegetation, resulting in a large pool of open water. This practice had been 
completed two years prior to my collecting efforts (Rockefeller SWR staff, pers. comm.). Seven 
of the ten birds collected at this site have majority King Rail genotypes (Figure 3.4), and three of 
these birds appeared to have developmental problems. Two of them had large white patches of 
feathers missing pigmentation on the breast and belly and another had a small, deformed testis 
that appeared to have an abnormal growth. These abnormalities were not observed at any other 
collecting locality. 
One important consideration in the discussion of osmoregulatory adaptations between the 
two species is the intake of water and inorganic ions. Water can be taken from the environment 
directly by drinking in both saline and freshwater environments, or indirectly by diet. Inorganic 
ions can be taken from drinking in saline environments, or through diet in freshwater 
environments. I observed birds drinking directly from open water on multiple occasions during 
fieldwork. I also saved stomach contents for most specimens and found low variability in diet 
across the gradient. Stomachs with identifiable remains from birds collected from salt or brackish 
marshes almost exclusively contained fiddler crab exoskeletons (Uca sp.), whereas those 
collected in freshwater (LA and CP) contained a variety of organisms, including frogs, crayfish, 
and snails. This suggests that diet does not change within the brackish portion of the gradient, at 
least during the time of year I was sampling (April and June). 
A unique component of this system is the narrow distribution of one of the parental 
species, Clapper Rails. The width of their distribution is narrower than the hybrid zone itself. 
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Despite this narrow width, I found fixed differences in mtDNA and nuDNA markers between 
inland and saltwater populations. This may be a result of very high breeding densities in 
saltmarshes, thereby limiting breeding site potential for hybrids or King Rails (Eddleman and 
Conway 1998). Additionally, there is no evidence that the two lineages are in direct competition 
for resources. Clapper Rails that breed in saltmarshes adjacent to freshwater marshes in which 
King Rails have been extirpated do not breed in these freshwater marshes (Eddleman and 
Conway 1998). Some King Rails spend a portion of the nonbreeding season in saltmarshes, but 
have never been recorded breeding in them (Meanley 1992). These birds are physically capable 
of dispersing across the gradient. The average natal dispersal distance of ~55 km from a banding 
study supports this conclusion (Hon et al. 1977). Additionally, I collected and sequenced a 
juvenile “pure” Clapper Rail from a rice field ~50 km from the coast in November of 2010 and 
another Clapper Rail was found under a bridge in the mountains of eastern North Carolina in fall 
2011 (BJO-1997, North Carolina Museum of Natural Sciences). This dispersal evidence is also 
supported by a study conducted in fall 2000 of offshore juvenile tiger shark feeding behavior, 
which found that a large number (23 out of 72) of them contained Clapper Rail remains (Carlson 
et al. 2002). 
 Overall, my results suggest that reproductive isolation of the rails, which are sister 
species, is at least partly due to ecological speciation. The genetic and morphological clines are 
strikingly coincident with the salinity gradient, there is genomic evidence for adaptive 
divergence in osmoregulatory genes, and rails are fully capable of dispersing across the gradient, 
yet the hybrid zone is narrow. Finally, there is evidence that an organ directly involved in 
osmoregulation is functionally divergent between the two lineages. Regardless of whether 
hybrids suffer reduced fitness because of osmoregulation factors, genetic incompatibilities, or 
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something else, it is clear that natural selection against hybrids plays an important role in the 
maintenance of this hybrid zone. The width of the rail zone is much narrower than the width of 
the Passerina bunting Great Plains hybrid zone (Carling and Brumfield 2008), which is 
maintained, at least in part, by reduced fertility in heterogametic female hybrids. That the 
mitochondrial cline in the rail hybrid zone is narrower than the four nuclear clines suggests a 
potential role for Haldane’s Rule, but I note that the confidence limits overlap broadly between 
the mitochondrial and nuclear width estimates. The rail hybrid zone is similar to the Peromyscus 
hybrid zone in the southeastern USA (Mullen and Hoekstra 2008), where phenotype and 
genotype are partitioned by habitat across a soil gradient. That the selection coefficients for the 
rail hybrid zone are several orders of magnitude higher than those estimated for the mouse zone 
(Table 3.5) suggests the salinity gradient is a stronger selective force against hybridization than 
are predators selecting against hybrid mouse phenotypes. Future studies of the rail hybrid zone 
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CHAPTER 4 
INFERENCES ON NATURAL SELECTION AND DISPERSAL DISTANCE FROM 
GENOTYPIC DISEQUILIBRIA AND QUANTITATIVE CHARACTER COVARIANCE 
IN A RAIL HYBRID ZONE 
 
INTRODUCTION 
 Efforts to understand the evolutionary processes involved in speciation have benefited 
from the unique perspective provided by hybrid zones. The genetic and phenotypic patterns 
observed in hybrid zones represent the outcome of hundreds of generations of admixture, 
combined with the action of evolutionary forces such as selection, recombination, gene flow and 
genetic drift. The extensively crossed and backcrossed populations found in hybrid zones offer 
the possibility of measuring some of these forces in nature (Barton and Gale 1993). A 
comparable hybridization experiment in the lab would be difficult, if not impossible, to perform 
with many organisms. 
 Renewed interest in hybrid zones has been spawned by the relative ease with which 
multi-locus molecular genetic data can now be acquired. This has catalyzed the development of 
analytical tools, particularly in the inference of evolutionary parameters from nonrandom 
associations among traits. These include genotypic disequilibria, cytonuclear disequilibria, and 
covariance among quantitative characters (Barton 1983; Asmussen et al. 1989). One can also 
take advantage of the matrilineal inheritance of mitochondria to make inferences about the 
directionality of crosses in hybridizing populations (Arnold 1993). 
 In a panmictic population without selection, genotypic disequilibria among unlinked loci 
will arise only through genetic drift or epistasis. In subdivided populations, however, there can 
be significant disequilibria overall, despite an equilibrium state in all subpopulations (Nei and Li 
1973). The disequilibria, which would quickly decay to zero via recombination, are maintained 
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by the flux of immigrant gametes among subpopulations that differ in gene frequency. This same 
phenomenon operates in many hybrid zone centers, where disequilibria result from the presence 
of parental, or advanced backcross, gametes amongst the admixed gametes. These disequilibria 
would normally decay at a rate proportional to the rate of recombination, but the constant 
dispersal of parentals into the zone maintains the disequilibria (Barton and Gale 1993).
 Selection against hybrids will also tend to create genotypic disequilibria in hybrid zones 
by removing recombinant genotypes. Because the strength of the disequilibria is proportional to 
both the rate of parental migration and to the amount of selection against hybridization, 
inferences about both of these parameters can be made from the level of disequilibria (Barton 
and Gale 1993). The role of selection, dispersal, and recombination in maintaining disequilibria 
is exemplified in the simplest case where selection acts only against heterozygotes (Nürnberger 
et al. 1995). If selection against hybrids is strong, hybrids are removed from the population 
before recombination can break up parental gene combinations. If selection is weak, a proportion 
of recombinant hybrids are maintained in the population with a concomitant reduction in the 
strength of the disequilibria. 
 Here, I present an analysis of genetic disequilibria and quantitative character covariance 
at the center of a hybrid zone between King and Clapper Rails in Louisiana. These measures are 
used to estimate the amount of selection on the quantitative traits relative to that experienced by 
the genetic markers. I make indirect estimates of dispersal distance from both genotypic 
disequilibria and character covariances. Although the number of samples that can reasonably be 
collected from bird populations limits the strength of inference in some cases, these estimates 
provide useful insight on the magnitude of important evolutionary parameters, given the paucity 
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of such information that has been available for birds (Barrowclough 1978; Moore and Buchanan 
1985; Moore and Dolbeer 1989). 
 King Rails (Rallus elegans) and Clapper Rails (R. longirostris) are wetland birds that 
form a hybrid zone situated on a salinity gradient that extends from inland freshwater marshes to 
coastal saltmarsh (Chapter 3; Figure 4.1). The two species are behaviorally and vocally similar 
and have long been considered ecological replacements of one another (Meanley 1992; Olson 
1997). Clapper Rails breed in Spartina alterniflora dominated saltmarshes at very high densities, 
and King Rails have a patchy breeding distribution in freshwater marshes with highest densities 
found in marshes near the coast in the southeastern portion of their range (Meanley 1992; 
Eddleman and Conway 1998). No geographic barriers are known between the current 
distributions of the two species, and they occupy two different habitats with opposing 
physiological effects. They come into contact and hybridize in brackish transition zones along 
the length of their distribution (Meanley and Wetherbee 1962; Bledsoe 1988; Meanley 1989; 
Olson 1997; Eddleman and Conway 1998). 
 Previous studies of King and Clapper rails have demonstrated physical and physiological 
differences associated with osmoregulation (Conway et al. 1988). Both species have nasal salt 
glands on the dorsum of the skull, and these are significantly larger in Clapper Rails (Olson 
1997). The salt gland is a relatively simple organ composed of mitochondria-rich cells that, by 
creating a concentration gradient similar to the cells found in fish gills (Peaker 1971), is capable 
of filtering the blood and concentrating ions into a solution exceeding 20 times the osmolality of 
blood plasma (Hughes 2003). Salt glands are needed in rails to maintain osmoregulatory 
equilibrium, because their kidneys are incapable of concentrating inorganic ions more than three 
times the concentration found in their blood (Braun 1999). Larger salt glands (relative to body 





















Figure 4.1 1) The distributions of King and Clapper rails in the eastern United States. Counties 
where King Rails have been recorded are shown in black, Clapper Rails are distributed in 
saltmarshes along a narrow band of the coast from New England to south Texas.  
2) Sampling in south Louisiana along the salinity gradient. Circles show approximate sampling 
localities. These site codes correspond to Table 4.1: A. GI, B. ML, C. R2, D. CC, E. R1, F. SB, 
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size) are capable of excreting more salt from the blood and at higher concentrations (Peaker 
1971). Conway et al. (1988) gave both species high salt loads and found that Clapper Rails were 
capable of excreting salt more quickly and at higher concentrations. By studying the genetic and 
morphological change across this ecological gradient, I seek to understand if osmoregulatory 
differences could be responsible for ecological speciation between these two lineages. 
 Morphological differentiation has been observed in a variety of taxa between populations 
that live in freshwater and saltwater environments (Greenberg and Droege 1990; Greenberg and 
Olsen 2010; Luther and Greenberg 2011). Larger bill size in mangrove and saltmarsh passerines 
relative to freshwater or non-tidal dwelling sister lineages has been called an ecological rule 
(Luther and Greenberg 2011). This is typically attributed to an island effect in these different 
habitats, whereby interspecific competition is lower because of lower diversity, but high 
abundance and densities of the species that do occur in these saline environments results in 
higher intraspecific competition (Greenberg and Olsen 2010). Saltmarsh passerines have longer 
bills with a narrower width, which has been attributed to a dietary change to arthropods from a 
primarily seed-based diet of their closest relatives (Grenier and Greenberg 2005). These 
morphological differences have not been studied in the context of a hybrid zone, or in a 




We collected and prepared 95 adult and 4 fully-fledged male specimens of Clapper Rails (Rallus 
longirostris) and King Rails (R. elegans) from eleven different marshes in southern Louisiana 
(Figure 4.1) spanning the salinity gradient from a barrier island with salinities typical of oceanic 
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water to interior freshwater marshes and rice plantations (Table 4.1). I collected an additional 40 
females or juveniles not included in the morphological analyses. The barrier island habitat 
consisted of a matrix of Saltmarsh Cordgrass (Spartina alterniflora) and Black Mangrove 
(Avicennia germinans). Brackish marsh intermediate sites consisted of a mix of Saltmarsh 
Cordgrass, Saltmeadow Cordgrass (S. patens), and Common Reed (Phragmites australis), and 
my two freshwater sites were dominated by either cattails (Typha sp.) or cultivated rice (Oryza 
sativa). Birds were lured out of dense marsh vegetation using two territorial audio recordings 
(one or each species) that were played through a small speaker and set to order them randomly 
on repeat using an iPod (Apple, Inc., Cupertino, CA). Birds were then collected using either a 
shotgun or mist-nets. Specimens were weighed immediately and then frozen for preparation at 
Louisiana State University Museum of Natural Science. All birds were prepared as traditional 
museum round skins with a spread wing saved. After sufficiently drying each bird, I took a series 
of standard morphological measurements intended to capture the overall morphological variation 
(Figure 4.2). These measurements included salt gland weight, bill length, bill width, bill depth 
(all bill measurements from the anterior end of the nares), tarsus length, middle toe length, wing 
length, and wing depth (measured from the base of the alula). All bill and foot measurements 
were taken to the nearest 0.01 mm with a Mitutoyo Digimatic Point Caliper and wing 
measurements were made using a standard chord ruler by a well-trained undergraduate 
volunteer, Sydney N. Pierce. 
All statistical analyses were conducted using the R package (R Foundation for Statistical 
Computing, Vienna, Austria). I ran ANOVAs on all morphological characters from specimens 
collected on opposite ends of the salinity gradient (GI, LA, CP; Table 4.1). I also ran ANOVAs 
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Table 4.1 Site code, sampling localities, number of collected adult and fully-fledged 
males (N), distance from the nearest saltwater source (km), and voucher numbers. 
Distance 
(km) Locality N Code 
Salinity 
(ppt) Voucher Numbers 
0.0 
Jefferson Parish; Grand Isle, 1.6 
km W Grand Isle, 29° 14.245' N, 
90° 0.283' W 
15 GI 30.5 
63400, 63403, 63404, 
63406, 63407, 63474 - 
63478, 63536, 63538 - 
63541 
1.6 
Cameron Parish; Sabine NWR, E 
Mud Lake Road, 7.6 km NNE 
Holly Beach, 29° 50.079' N 93° 
25.673' W 
7 ML 17.3 63519 - 63525 
2.2 
Cameron Parish; Rockefeller 
SWR, 15.3 km SE Grand Chenier, 
29° 41.203' N 92° 50.678' W 
8 R2 23.8 63434, 63436 - 63442 
3.0 
Cameron Parish; 3.2 km NNE 
Cameron, Amoco Road, 29° 
49.347'N 93° 18.421' W 
22 CC 13.5 
63454 - 63462, 63491 - 
63493, 63495 - 63499, 
63501 - 63505 
6.9 
Cameron Parish; Rockefeller 
SWR, 4 km W North Island, 29° 
42.451' N 92° 46.491' W 
10 R3 20.8 63444 - 63453 
7.3 
Cameron Parish; Sabine NWR, 
Second Bayou, 7.2 km N Holly 
Beach, 29° 50.133' N 93° 28.165' 
W 
9 SB 7.2 63409, 63411 - 63417 
7.6 
Vermilion Parish; Rockefeller 
SWR, 11.3 km W Pecan Island, 
29° 38.776' N 92° 34.207' W 
10 R1 4 63418 - 63427 
8.0 
Cameron Parish; Second Bayou, 
5.6 km NNW Holly Beach, 29° 
48.260' N 93° 29.075' W 
6 SN 3 63515, 63517, 63528, 63532 - 63534 
8.8 
Cameron Parish; Second Bayou, 
4.3 km WNW Holly Beach, 29° 
47.771' N, 93° 29.871' W 
9 SS 3 63506 - 63514 
30.0 
Cameron Parish; Lacassine NWR, 
10.5 km SW Lowry, 29° 58.723'N 
92° 51.737' W 
8 LA 1 63480 - 63487 
75.0 
St. Landry Parish; 6.4 km NNW 
Church Point, Dusty Road, 30° 
27.724' N 92° 14.037' W 
7 CP 0 63465, 63466, 63468, 63469, 63471 - 63473 
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on the same characters divided by tarsus length to account for allometric scaling (except for 
tarsus length). The only characters that showed significant differences after correction for body 
size were salt gland weight and bill length; therefore, I do not discuss the other measurements 
further except for tarsus length as a proxy for differences in body size (Table 4.2). 
The marshes of southwest Louisiana are large, but suitable habitat is patchily distributed; 
therefore, a straight-line transect is not the best characterization of the ecological gradient along 
which Clapper and King rail populations occur. Based on initial scouting observations, in which 
I examined phenotypic variation at different sites, salinity appeared to be the most important 
factor in predicting the phenotypic make-up of each population. Therefore, I sampled marshes of 
varying salinities and distances to saltwater sources (Figure 4.1.2). To approximate the transition 
from saltmarsh to freshwater marsh, I measured the distance from the center of each sampling 
site to the nearest source of high salinity (salinity > 25 parts per thousand) by tracing along open 
canals using Google Earth v6.0.3.2197 (Google Inc., Mountain View, CA). These distances were 
used for all cline analyses (Table 4.1). 
I fit maximum-likelihood clines to salt gland weight/tarsus length, bill length/tarsus 
length, and tarsus length. To apply the frequency likelihood function developed for the molecular 
data to the morphological and environmental data (neither of which are inherently frequency 
data), I had to first conduct a Bernoulli transformation of the data. I transformed morphological 
data into frequencies per site by transforming each sample into a Bernoulli trial (e.g. 0 or 1), 
where 1 means that the sample is less than a constant and 0 means the sample is greater than or 
equal to that constant. To determine the constant for each trait, I created a vector of the 
midpoints between all the sample values. I then iteratively treated each midpoint as the constant, 
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Table 4.2 Means, Standard Deviations, and ANOVA results comparing Clapper Rails 
and King Rails collected away from the hybrid zone for each morphological character 
and each character corrected by dividing by tarsus length. Significant values (P < 0.05) 
are in bold. All measurements are in millimeters except salt gland weight and body 
weight, which are in grams. 
 
 GI LA & CP Uncorrected Corrected 
Character Mean SD Mean SD F Value Pr(>F) F Value Pr(>F) 
Salt Gland Weight 0.16 0.04 0.05 0.05 30.57 1.74E-05 42.26 1.93E-06 
Bill Length 43.29 2.17 41.18 2.49 6.10 1.99E-02 49.15 1.27E-07 
Bill Depth 8.24 0.30 9.39 0.45 66.45 7.12E-09 0.03 0.87 
Bill Width 4.90 0.48 5.40 0.45 8.68 6.40E-03 0.81 0.38 
Tarsus Length 52.99 1.72 60.15 3.46 51.54 8.20E-08 - - 
Middle Toe Length 55.94 2.28 61.66 2.52 42.36 4.71E-07 2.76 0.11 
Wing Length 148.20 3.57 165.53 6.05 91.42 2.57E-10 0.71 0.41 
Wing Depth 112.80 5.97 121.47 4.61 19.81 1.24E-04 3.99 0.06 
Body Weight 335.67 24.85 385.33 21.08 34.85 2.38E-06 0.30 0.59 
 




Figure 4.2 Three silhouettes from left to right of a whole rail, a rail head from above, and a 
spread wing showing approximations of the measurements taken. A. bill length, B. bill depth, C. 
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generating a frequency per site and calculating the information content of that distribution. I then 
chose as the constant the midpoint that yielded the maximum information.  
Cline shape was modeled by combining three equations (Szymura and Barton 1986; 
Szymura and Barton 1991) that describe a sigmoid shape at the center of a cline and two 
exponential decay curves (tails) on either side of the central cline. The sigmoid shape is 
described by two parameters, width (w) and center (c). The decay curves are each described by 
two parameters, delta (d; distance between the tail and the center) and tau (t; slope of the 
tail/slope of the sigmoid; Gay et al. 2008). The whole cline can be scaled using Pmin and Pmax, 
which are the minimum and maximum frequencies for the cline. I fit clines using a new software 
package (HZAR) that provides functions for fitting genetic, ecological and morphological data 
from hybrid zones to these classic equilibrium cline models using the Metropolis-Hasting 
algorithm in the R platform (Derryberry et al in prep).  
We fit a series of 15 cline models to each data set. These models can be grouped into 
three sets: set 1 has no scaling (Pmin = 0, Pmax = 1), set 2 has fixed scaling (Pmin = observed 
minimum frequency, Pmax = observed maximum frequency), and set 3 fits Pmin and Pmax. 
Within each set, there are five variations, each of which includes the sigmoid cline but (A) has 
no tails, (B) has only a left tail, (C) has only a right tail, (D) has mirrored tails (same d and t) and 
(E) has independent tails (different d and t). For each data set, I ran each model for 1.0 x 106 
generations to set up the covariance matrix. I then ran three independent chains of three runs 
each for a total of 9.0 x 106 generations and assessed the stability and convergence of the MCMC 
trace, the posterior distribution, and the cline parameters (for an example, see Figure 3.3.2). As 
some models displayed anomalies, I ran all models for an additional eight independent runs each 
with a different covariance matrix to ensure adequate exploration of the likelihood space. These 
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runs added a total of 8.0 x 106 generations. After these runs, all traces showed stability and 
convergence. I identified and discarded the burn-in and concatenated independent runs for each 
model. I used corrected Akaike Information Criterion (AICc) to perform model selection. To 
visualize the best model for each trait, I plotted the maximum likelihood cline and the 95 percent 
credible cline region from the posterior distribution. 
Parameters estimated in the process of fitting cline models can be used to determine 
concordance between clines from different traits as well as the strength of selection against 
hybrids. For each trait, I generated 95 percent credible intervals for cline center and width from 
the posterior distribution for the selected model. To test for significant differences between 
estimates of w and c for each locus, I used two log-likelihood score confidence intervals 
(Edwards 1992). If these confidence intervals did not overlap then I considered the parameters to 
differ significantly. 
Covariance and Dispersal Estimates  
We scored all individuals for the four nuclear loci from Chapter 3 (139, 472, 1166, and 1766) to 
generate a mean hybrid index for each locality. The hybrid index for each individual was 
calculated by scoring each diagnostic Clapper Rail single nucleotide polymorphism (SNP) as a 
zero and each King Rail SNP as a 1. For the four biallelic loci a score for a pure King Rail would 
be eight, and a score for a pure Clapper Rail would be zero. I then estimated the mean hybrid 
index for each locality and calculated a linkage disequilibrium metric (D) between all pairs of 
polymorphic loci within sites using the program DnaSP v5 (Rozas et al. 2003). 
 To examine the relative strength of selection acting on morphological characters, I 
conducted an indirect test on the covariance between unlinked genetic characters and 
morphological characters (Sanderson et al. 1992). I used the average linkage disequilibrium 
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across the four loci within the four sites as a null model to calculate the expected covariance to 
compare with the covariance between the genetic and morphological characters. When the 
estimated covariance is greater than the expected covariance, I can infer that there was more 
selection on the morphological character (Sanderson et al. 1992). I used the following equation 
to calculate expected covariance between a morphological trait and hybrid index: cov(z, z’) = 
½Δz ̄ Δz ̄ ’D’. Where Δz ̄ is the difference in diagnostic alleles between parental populations, for 
the four loci I used this equals 8, D’ is the average linkage disequilibrium calculated within a site 
between loci, and Δz ̄ ’ is the mean difference of the morphological character between parental 
sites (Sanderson et al. 1992). For localities at the center of the hybrid zone I also calculated the 
standardized linkage disequilibrium (Ri j = Di j /√piqi pjqj) to facilitate comparisons to published 
values in other hybrid zone studies (Szymura and Barton 1991). 
 The equilibrium balance between recombination rate and dispersal distance is dependent 
on the amount of covariance between characters. Therefore, I can calculate the root-mean-square 
dispersal distance (σ) between offspring and parents using the following equation: σ = √Drw1w2 
where D is the linkage disequilibrium between two genetic loci, r is the intergenic recombination 
rate (we assume r = 0.5), and w1 and w2 are the two estimated cline widths. To estimate the 
dispersal distance using morphological characters, I converted the previous equation to the 
following: σ = √((2r(cov z1’, z2’))/(Δz1’/w1)(Δz2’/w2)). Here, Δz1’, and Δz2’ are the mean 
differences between parental samples for each character (Sanderson et al. 1992; Brumfield 
1999). 
 We used these dispersal estimates additionally to determine the potential effects of 
selection acting on hybrids. Assuming neutral diffusion after secondary contact, I modeled the 
hybrid zone’s structure assuming an absence of selection by using the equation w = 2.51σ√t, 
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where w is the width of the hybrid zone, σ is the root mean square dispersal distance, and t is the 
time since contact (Barton and Gale 1993). I solved for t and calculated it using my estimates of 
the other parameters, and also solved for w using two estimates of t (45 and 250 years). I 
estimated the strength of selection that favors different alleles on opposite ends of a sharp 
ecological gradient, where s* represents the mean fitness difference between populations at the 
center versus the edges (Barton and Gale 1993). I used the equation w = 1.732σ√s* assuming no 




As in Chapter 3 I fit clines to salt gland weight (mg)/tarsus length (mm, Figure 4.3.1), bill length 
(mm)/tarsus length (mm, Figure 4.3.2), and tarsus length (mm, Figure 4.3.3). Estimates of cline 
width and center were concordant and coincident between the three morphological characters 
(Table 4.3). These estimates were also concordant and coincident with the centers and widths of 
genetic clines, except for locus 472, which had a significantly greater width than bill length 
(Table 4.3). The hybrid index I calculated per site showed that all intermediate sites except ML 
had a value between 1 and 7 (Table 4.4). 
 We found significant linkage disequilibrium (D) values between loci within sites for CC, 
R3, SB, R1, SN, and SS (Table 4.5). Two localities (CC and R3) had four significant estimates 
of D out of six pairwise comparisons. The other sites had a range from one to three out of six 
comparisons (Table 4.5). R1 had the highest mean value of D (0.115), and the mean value 
decreased away from the center of the zone. I chose the four populations in the center of the 
zone, CC, R3, SB, and R1, to estimate covariance and expected covariance. I also calculated  
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Figure 4.3 Clines fit to each character, with gray shading representing the confidence intervals 
around the cline. 1. salt gland weight (mg)/tarsus length (mm) 2. bill length (mm)/tarsus length 
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Table 4.3 Best fit models and cline parameter estimates (center and width) 
generated using the R program HZAR for the three morphological characters and 
four nuclear markers across the hybrid zone between Clapper and King rails. In 
parentheses for center and width are the 2 LL estimates. 
 
Character Model Center (km) Width (km) 
Salt Gland Weight (g)/Tarsus Length (mm) 2A 4.7 (2.6 - 6.5) 10.9 (6.1 - 25.6) 
Bill Length (mm)/Tarsus Length (mm) 1D 5.9 (3.4 - 6.7) 1.7 (0.6 - 10.4) 
Tarsus Length (mm) 1C 5.0 (3.2 - 6.6) 8.1 (3.5 - 15.1) 
139 1A 5.3 (4.6 - 6.0) 8.3 (6.6 - 11.0) 
472 1A 4.3 (2.9 - 5.5) 17.4 (12.4 - 27.7) 
1166 1C 6.8 (4.0 - 7.5) 6.7 (2.1 - 9.0) 
1766 1C 6.0 (3.8 - 6.9) 6.8 (2.6 - 9.6) 
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Table 4.4 Hybrid Index, Means and Standard Deviations of characters, and locus frequencies 
per site. 
  











Index Mean SD Mean SD Mean SD 139 472 1166 1766 
GI 0.89 0.0030 0.00083 0.82 0.042 52.99 1.72 0.08 0.33 0 0.03 
ML 0.6 0.0028 0.00058 0.83 0.026 54.46 2.17 0.15 0.10 0 0.05 
R2 1.5 0.0040 0.00091 0.79 0.036 56.87 3.16 0.15 0.45 0.10 0.05 
CC 1.92 0.0028 0.00074 0.81 0.045 54.31 3.38 0.28 0.44 0.12 0.18 
R3 5 0.0029 0.00056 0.71 0.043 59.32 2.65 0.55 0.75 0.65 0.55 
SB 5.9 0.0021 0.00071 0.71 0.053 58.14 1.59 0.85 0.75 0.60 0.75 
R1 5.2 0.0018 0.00065 0.74 0.055 58.10 2.17 0.55 0.75 0.40 0.65 
SN 6.3 0.0018 0.00075 0.72 0.049 56.85 4.33 0.80 0.60 0.50 0.75 
SS 5 0.0016 0.00057 0.71 0.062 57.80 3.88 0.95 0.60 0.85 0.60 
LA 7.9 0.0005 0.00033 0.73 0.033 58.46 3.62 1.00 1.00 0.95 0.95 




	   101	  
	  
Table 4.5 Linkage disequilibrium (D) pairwise estimates between all loci within 
sampling localities estimated using DNAsp. Site codes refer to Table 1. Bold values 
are significant under Fisher's exact test. Only polymorphic loci are included (N/A 
signifies monomorphic comparisons). CP was not included because there is only one 
polymorphic locus. 
 
  Site Codes and Distance from Saltwater (km) 
  0.0 1.6 2.2 3.0 6.9 7.3 7.6 8.0 8.8 30.0 
Locus 1 Locus 2 GI ML R2 CC R3 SB R1 SN SS LA 
139 472 0.026 0.035 0.083 0.102 0.038 0.013 0.130 0.030 0.138 N/A 
139 1166 N/A N/A 0.015 0.066 0.143 0.040 0.100 0.043 0.080 N/A 
139 1766 0.002 0.043 0.008 0.070 0.148 0.013 0.130 0.038 0.070 N/A 
472 1166 N/A N/A 0.005 0.050 0.113 0.100 0.125 0.040 0.100 N/A 
472 1766 0.009 0.005 0.028 0.044 0.038 0.188 0.128 0.050 0.100 N/A 
1166 1766 N/A N/A 0.005 0.058 0.143 0.100 0.075 0.113 0.160 0.003 
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Pearson’s correlation coefficients between hybrid index and morphological characters and found 
six of twelve correlations were significant after correcting for multiple comparisons (Table 4.6). 
Corrected salt gland weight showed significant correlations with hybrid index at site CC and the 
absolute value of the estimated covariance was greater than the absolute value of the expected 
covariance at sites CC, R3, and SB. Corrected bill length was significantly correlated with hybrid 
index at sites CC, R3, and R1 and the covariance was greater than expected at all four sites. 
Tarsus length was significantly correlated with hybrid index at sites R3 and R1, and the 
covariance was greater than expected at all sites except SB (Table 4.6). 
 We estimated the root-mean-square dispersal distances for genetic markers and 
morphological characters using the two equations described in the Methods and found a range 
from 0.6 to 3.3 km for the genetic characters and 0.6 to 2.0 km for the morphological characters 
(Table 4.7). Means for all characters per site fell between 1.5 and 1.9 km (Table 4.7), with an 
overall average dispersal distance in the hybrid zone of 1.7 km. I used that dispersal distance and 
my estimated cline widths to calculate time since contact under a neutral diffusion model and 
selection coefficients for each of my characters. I found very recent values for time since contact 
for all characters, ranging from 0.2 to 17.3 years (Table 4.8). The selection coefficients fell 
within a range from 0.03 to 0.2 for all characters except corrected bill length, which had 
selection coefficients that were an order of magnitude higher (3.0 and 3.2) than estimated for any 
other character (Table 4.8). I also used two estimates of time since contact and of my estimate of 
dispersal to calculate the predicted width of the zone in the absence of selection. For a time since 
contact of 45 years I would expect the width to be 28.1 km and for a time since contact of 250 
years I would expect the width to be 66.3 km. 
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Table 4.6 Estimates of covariance (cov), expected covariance 
(covE), and Pearson's correlation coefficients (r) between 
three morphological characters and hybrid index calculated 
from four nuclear loci for sites CC, R3, SB, and R1. 
Significant correlations with a P-value < 0.017 are shown in 
bold. 













cov -7.56E-04 -0.06 2.48 
covE -5.62E-04 -0.03 1.86 CC 
r -0.57 -0.73 0.41 
cov -1.37E-04 -0.07 4.67 
covE -8.99E-05 -0.05 2.98 R3 
r -0.11 -0.74 0.78 
cov -8.98E-04 -0.08 1.82 
covE -6.57E-04 -0.04 2.17 SB 
r -0.62 -0.71 0.56 
cov -5.87E-05 -0.12 4.60 
covE -9.94E-04 -0.06 3.29 R1 
r -0.04 -0.84 0.82 







Table 4.7 Estimates of Root Mean Square Dispersal Distance 
(km) per site from pairwise comparisons between genetic loci 
using estimated cline widths and linkage disequilibrium. I 
also present estimates of dispersal distance using cline widths 
and covariance between morphological characters. Site labels 
refer to Table 1. 
 
  Site 
Locus 1 Locus 2 CC R3 SB R1 
139 472 2.72 1.66 0.97 3.07 
139 1166 1.36 2.00 1.06 1.68 
139 1766 1.41 2.06 0.61 1.93 
472 1166 1.71 2.57 2.42 2.71 
472 1766 1.62 1.51 3.35 2.76 
1166 1766 1.16 1.82 1.52 1.31 
salt gland weight bill length 0.95 0.63 1.33 0.57 
salt gland weight tarsus length 1.92 1.27 2.01 1.80 
bill length tarsus length 1.23 1.09 1.01 1.22 
  mean 1.56 1.62 1.59 1.89 


























Table 4.8 Time since contact calculations 
based on a neutral diffusion model and a 
selection coefficient representing fitness 
differences between the center and edges 
across the salinity gradient (Barton and Gale 
1993). See methods for equations used in 
making these calculations. 
Locus t (years) s*1 s*2 
sg/tl 6.76 0.07 0.05 
bl/tl 0.16 3.04 3.21 
tl 3.76 0.13 0.13 
139 3.96 0.12 0.13 
472 17.29 0.03 0.03 
1166 2.58 0.18 0.20 
1766 2.67 0.18 0.19 
mean 6.62 0.13 0.14 
1Assuming no dominance.   
2Assuming dominance.   
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DISCUSSION 
 At the center of the rail hybrid zone, I found nonrandom associations among the nuclear 
genetic markers and between these genetic markers and the quantitative characters. These 
associations are likely due to the presence of pure and advanced backcross alleles in the hybrid 
zone center brought by dispersal, and are accentuated by reduced fitness experienced by hybrids. 
Because the strength of the non-random associations depends on the average dispersal distance 
and the amount of selection acting against hybrids, one can make inferences about both factors. 
The largest assumptions in these inferences are that the hybrid zone is a stable equilibrium 
structure maintained by the opposing forces of dispersal and selection, so it is appropriate to 
examine these assumptions. 
 Pure and advanced backcross rails observed near the center of the hybrid zone are 
consistent with dispersal of parentals into the zone (Szymura and Barton 1986), as is the high 
vagility of birds in general (Barrowclough 1978; Moore and Dolbeer 1989) and rails in particular 
(Hon et al. 1977). Assortative mating could contribute to the observed disequilibria, but the 
ubiquity of backcrossed hybrids suggests a lack of strong premating reproductive isolation. 
 Natural selection acting against hybrids is more difficult to assess. Direct tests of 
selection against hybrids would be desirable, but are difficult to perform in this system. 
However, consideration of the detailed structure of the zone yields useful insight. Given the 
dispersal capabilities of these birds (see below), the narrow and coincident nature of the genetic 
and quantitative character clines in this zone indicates that hybrids suffer at least some reduction 
in fitness that counteracts introgression. The only viable alternative explanation is that the zone 
has been formed very recently through secondary contact, and introgression is just beginning 
(Chapter 3). Heterogeneity of cline structure suggests that the zone cannot be very recent. The 
cline for locus 472 is much broader than the other coincident clines in this zone, indicating that it 
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may be undergoing neutral diffusion, while the narrow clines are constrained by selection against 
hybrids (Chapter 3). Whether the rail hybrid zone is at equilibrium remains unclear, but the 
probable age of the zone and the narrow and coincident structure of the clines used in the 
disequilibria and covariance analyses, suggest that those clines are close enough to equilibrium 
for the purposes of the analyses.  
 One of the most fascinating effects of these nonrandom associations between character 
states for distinct traits is their tendency to strengthen the barrier to gene flow imposed by the 
hybrid zone. The effect of selection on a particular gene extends beyond the locus and adjacent 
linked regions to the unlinked mitochondrion as well as to genes underlying diverse quantitative 
traits. Direct estimates of selection are not available from the Rallus hybrid zone, but the strength 
of the genotypic disequilibria at the center of the hybrid zone (locality R1; average standardized 
linkage disequilibrium = 0.52) is, to the best of my knowledge, the highest reported from any 
hybrid zone study. Estimates at the hybrid zone center were 0.22 in Bombina toads (Szymura and 
Barton 1991), 0.29 in Sceloporus lizards (Sites et al. 1995), 0.40 in Gryllus crickets (Harrison 
and Bogdanowicz 1997), and 0.42 in Manacus manakins (Brumfield 1999). Premating and 
postmating barriers are known to limit gene exchange between hybridizing Bombina species 
(Nürnberger et al. 1995) and between hybridizing Gryllus species (Harrison 1983). Assuming the 
values of R across studies result from similar hybrid zone processes (Lewontin 1988), the 
disequilibria observed in Rallus may reflect similar barriers to gene movements. 
 The significant associations between the molecular markers and the quantitative traits are 
likely due to the same processes that create disequilibria between molecular loci. Pleiotropy 
could produce similar associations, but it is unlikely to impact such a diversity of traits 
(Nürnberger et al. 1995). From these associations, indirect tests of selection indicate that bill 
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length and overall size (tarsus length) are under greater negative selection in recombinants than 
are salt gland size and the genetic markers. Such estimates of selection are useful, because they 
are made independently of cline width measurements. In fact, based on estimated cline widths 
alone (Table 4.3), one would suspect that salt gland weight is experiencing the strongest negative 
selection of the quantitative traits because its cline is narrowest. Although traits under stronger 
selection may tend to have narrower clines, the polygenic nature of quantitative traits can 
produce variation in the widths of their clines that reveal little about selective pressure 
(Nürnberger et al. 1995). Thus, the indirect test from character covariances provides valuable 
corroboration of the intensity of selection on these markers. 
Why quantitative characters would differ in the strength of selection against them in 
recombinants is unclear. Whereas salt gland size is thought to be relatively plastic and can adapt 
to fluxes in salinity, bill length and overall size are not. This could explain why salt gland size is 
under weaker selection. Rapid shifts in the environment for these birds occur regularly in 
southwest Louisiana. Hurricanes inundate the freshwater marshes with high salinity ocean water, 
and bring with them Clapper Rails from the coast. Birds have been observed riding the storm 
surge inland on floating mats of vegetation (Meanley 1985), although this is in the nonbreeding 
season and may not play a significant role if birds fly right back to the coast after a storm. 
Although brackish marsh has likely always existed in Louisiana estuarine systems, human 
influence has had a significant influence on the marshes. Several of the sites where I collected 
are around Calcasieu Lake, including CC, ML, SB, SN, and SS (Figure 4.1.2). This formerly 
freshwater lake was first dredged in 1874, but deep dredging that flooded the lake with high 
salinity water from the Gulf of Mexico was not completed until 1941 (LCW Conservation 2002). 
There has been substantial documentation of the changes to the marshes surrounding the lake 
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(and formerly in what is now open water) by various government agencies. One of my collecting 
localities ML, or East Mud Lake Road, looked very similar to a saltmarsh on the barrier island of 
Grand Isle. Birds collected there actually had a lower hybrid index than birds on Grand Isle 
(Table 4.5), yet this was likely a freshwater marsh in 1940. If the dramatic environmental change 
of saltwater inundation occurs, it appears that the rail composition can quickly change. In the 
absence of human-related inundation, in stable brackish marshes surrounding the Mississippi 
River Delta, there is no reason for expansion of the zone other than during natural contractions in 
marsh salinity. 
We found that dispersal distances estimated from the covariance structure of the hybrid 
zone (Table 4.7) were markedly lower than natal dispersal values reported from the literature 
(~55 km), a value that spans well beyond the hybrid zone itself. The contrasting distances 
highlight the barrier to gene flow imposed by the hybrid zone itself. For example, King Rails are 
adept at long-distance colonization of freshwater impoundments in the middle of coastal 
saltmarsh, where they can exist as an ‘island’ population. But individuals that disperse into 
saltmarsh and brackish coastal marshes will be subjected to ‘hybrid zone’ dynamics, in which the 
persistence, mating, and movements of individuals are governed by endogenous and exogenous 
natural selection (Moore and Price 1993). Interestingly, Clapper Rails are occasionally recorded 
from inland freshwater localities, but to the best of my knowledge, never establish inland 
populations, presumably because of the presence of King Rails. In sum, although rails are clearly 
capable of long natal dispersal distances, these are only relevant when the dispersal occurs to 
their appropriate habitat. In the case of King Rails, this could be to a freshwater impoundment 
surrounded by saltmarsh and Clapper Rails. But the effective dispersal distance of individuals 
dispersing into the hybrid zone is much shorter, on the order of a few kilometers. 
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It is important to note that all inferences from disequilibria are made with the assumption 
that the processes responsible for creating those disequilibria are equivalent throughout the entire 
genome. For dispersal distance and recombination rate this may be true, but for selection, it is 
probably not. It seems clear that the nuclear markers examined herein are under selection against 
introgression. Their clines are all remarkably narrow given the dispersal capabilities of the birds. 
But whether the level of selection experienced by these loci should serve as a proxy for the entire 
genome remains unclear. Hybrid zone research typically focuses on those loci fixed for alternate 
alleles. This marker bias leads, however, to an overestimation of the selection against 
hybridization, because these are the markers experiencing the strongest divergent selection (Yuri 
et al. 2009). Neutral loci or those under weaker selection will have much shallower clines, but 
these types of markers are typically culled from hybrid zone studies. To gain a clearer picture of 
the processes involved in hybrid zone maintenance will require an unbiased examination of 
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CHAPTER 5 
CONCLUSIONS 
Ecological speciation is difficult to explicitly demonstrate, but adaptive divergence is prevalent 
in nature and was one of the primary mechanisms used to develop the theory of evolution 
(Darwin 1859). Understanding the mechanisms involved in generating reproductive isolation 
through adaptation to different environments is a central goal of evolutionary biologists (Coyne 
and Orr 2004). One of the most difficult tasks is teasing apart adaptive divergence from genetic 
drift and sexually selected isolating mechanisms. Birds provide an excellent system to test these 
various hypotheses, because they often have flamboyant sexual displays (Brumfield et al. 2001), 
they are adapted to thrive in most environments on Earth (Price 2008), and many lineages that 
hybridize are easy to identify and examine in the field (Moore and Buchanan 1985; Barnes and 
Nudds 1991; Rohwer et al. 2001; Gee 2004; Gill 2004; Carling and Brumfield 2009). 
Unfortunately, they are difficult to work with in captivity, which hinders uncovering 
reproductive isolating mechanisms between recently diverged species. Hybrid zones are 
excellent natural experiments in which two lineages that have not completed reproductive 
isolation come in to contact and breed. These systems provide unique laboratories to study the 
processes which may be responsible for preventing the fusion of the lineages in contact, and thus 
to infer the mechanisms of speciation in the system. 
 I began my research trying to understand the phylogenetic relationships within a complex 
of morphologically similar but ecologically divergent birds: the Clapper Rail (Rallus 
longirostris) and King Rail (R. elegans) species group. These two species are distributed in 
coastal and freshwater marshes throughout the Americas and are split in to a large number of 
subspecies. I was able to obtain and sequence samples from throughout their respective ranges. I 
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was also able to sequence geographically unique specimens using ancient DNA techniques on 
samples of toe pads from skins collected prior to the advent of tissue collections. I found that the 
taxonomy of this complex has been complicated by the morphological and ecological variation 
found within the group, as well as evidence of hybridization between the two eastern North 
American lineages (Olson 1997). Understanding the degree of hybridization and mechanisms 
preventing fusion of these two lineages is part of my ongoing research. My genetic results 
suggest that the morphologically distinct groups represent good species relative to subspecific 
designations. The California and northwestern Mexico birds of the R. l. obsoletus group should 
be considered a distinct species, elevating them from endangered subspecies status to endangered 
species in the United States. I found little evidence of divergence between migratory and 
nonmigratory populations of King Rails in the eastern United States. However, two samples 
from migratory birds breeding in Oklahoma did have a unique mtDNA haplotype, which was 
found in one bird from Louisiana, suggesting some structure within R. e. elegans in the U. S. 
may exist, warranting further study. The results of this study suggest that current taxonomy in 
the complex warrants revision, and this may have management and conservation implications. 
 I also characterized the hybrid zone in Louisiana between the two species using genetic, 
morphological, and ecological data. I sampled a transect in southern Louisiana that spanned the 
transition from saltwater to freshwater. I sequenced one mitochondrial and four nuclear markers 
for 139 individuals. I also took body weight and salt gland weights. I fit clines to each of these 
characters and found sharp transitions from one species to the other for all characters. These 
transitions were concordant and coincident with the transition in salinity and salt gland weight, 
suggesting an adaptive role in preventing these two species from fusing. 
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 I also prepared museum skins and measured a suite of morphological characters for 
specimens spanning the hybrid zone. I used these in conjunction with the genetic data from 
Chapter 3 to infer selection against recombinant hybrids. I found selection against hybrids using 
several methods, including covariance between hybrid index and morphological characters, the 
estimates of linkage disequilibrium between loci within sites, and estimates of the time since 
contact and width under a neutral diffusion model in the absence of selection, as well as selection 
coefficients. 
 In sum, I found that the species limits in this group require modification to mirror 
evolutionary relationships within the group. I also found that there is a very narrow hybrid zone 
between the two species in Louisiana. The markers that showed this rapid transition coincided 
with rapid transitions in salinity and salt gland size, suggesting that adaptive divergence to 
different environments is likely playing a role in keeping these two lineages from reticulating. I 
estimated covariances between morphological measurements and hybrid index and found that 
there was a greater relative selection against morphological characters in recombinant hybrids 
than genotypic characters. This result suggests that adaptive divergence for phenotypic 
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